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CHAPTER 1 
INTRODUCTION 
The interaction between light and matter is the principle 
reason that objects can be seen. The optical properties of 
materials is a field of research which has probably been 
pursued since the origin of mankind. In the last few decades 
some detailed understanding has developed in relation to the 
nature of this interaction, so that light can now be used as 
a tool for research in the field of solid state physics о 
The colours of metals are a consequence of the wavelength 
dependence of the reflectivity, which in turn is dependent on 
the way in which the interaction between electromagnetic 
radiation and solids comes about
c
 This interaction is visualized 
by the absorption of photons, resulting in microscopic excita-
tion of quasi-particles like electrons, phonons etc.. By 
studying the optical properties of solids (where it is not 
necessary to confine oneself to the visible part of the spectrum) 
information can be obtained with regard to these quasi-particles. 
In metals, absorption is mainly caused by the electrons. Know­
ledge of the energy spectrum of the valence electrons is of 
particular importance because it determines a large number of 
distinct physical properties of the solid. 
In this work only crystalline matter will be considered, i.e. 
the metal atoms are arranged according to a periodic lattice. 
1 
The behaviour of the valence electrons in the crystal is 
described witnin the framework of the one-electron approxima-
tion. This implies that an electron is considered to move in 
a lattice-periodic potential V(r) independent of all other 
electrons. Many-body effects are taken into account only in 
the sense that this one-electron potential is composed of 
contributions of all ions and all other valence electrons. The 
behaviour of the electrons is then described by the one-particle 
Schrödinger equation 
2 
{" 25 V + V(r)} ψ£<Γ) = E(5) ф£<г) (1.1) 
with eigenvalues E(k) and Bloch-type eigenfunctions ikKr). 
Because of the fermion character of the electrons, in the 
ground state of the crystal all energy levels below a certain 
value, the Fermi energy E will be occupied and all levels 
• + 
above E are empty. By the relation E(k) = E the Fermi surface 
Γ F 
is defined in reciprocal (k-) space; this surface forms the 
boundary between occupied and empty states. 
A large number of experiments in the field of solid state 
physics are carried out in order to gain information with regard 
to the E(k) dispersion relation (bandstructure) of the valence 
electrons. For instance, from de Haas-van Alphen and radio-
frequency size effect measurements, the geometry of the Fermi 
surface can be deduced. These experiments provide insight in the 
electronic states near the Fermi level. If states within a 
relatively broad range away from the Fermi level are to be 
2 
considered, one is committed to optical or spectroscopic 
techniques. By absorption of a photon, an electron will be 
excited from an occupied state below E to an empty state 
F 
above. The spectra obtained are a reflection of the E(k) dis­
persion relation о However, because of the complexity of this 
relation, an unambiguous interpretation of the experimental 
data is not possible (in general) without a reasonably accurate 
model of the bandstructure being available in advance. This 
model can be obtained by solving the Schrödinger equation 
(1.1) by means of standard techniques like OPW, APW or KKR 
(Ashcroft and Mermin, 1976). The fundamental problem in this 
case then is a proper choise of the potential V(r)0 
In practice there exist two distinct ways of approaching 
this problem. First, one can start from a semi-emperical point 
of view: The potential is obtained by parametrizing it in the 
right way and subsequently fitting it to the experimental 
Fermi-surface geometry (Cohen and Heine, 1970). The second way 
is the "ab initio" calculation of the crystal potential. After-
wards, the Fermi surface data can be used as an indication for 
the quality of the model. In any case, a comparison with optical 
experiments will be necessary in order to incorporate information 
about states far from the Fermi energy, and thereby more com-
pletely judge the reliability of the theoretical results. 
For the interpretation of the optical spectra, it is assumed 
that Koopraans' theorem applies (Seitz, 1940). This theorem 
implies that the electronic states in the crystal remain 
3 
represented by the elgenfunctions of the unperturbed hamiltonian, 
even when an optical transition takes place. The proof of it 
is based on the Bloch-type (delocalised) character of the 
electronic states. For excitations from strongly localised 
states (d-band states or surface states for instance), 
Koopmans' theorem may not hold and many-particle effects may 
have to be taken into account. 
The early aim of this work was to determine with which 
experiments the optical excitation spectra of metals and metal-
lic compounds could be measured. Our special interest is in the 
contribution of the valence electrons to these spectra, which 
implies that photon energies in the range from the near infrared 
to the vacuum ultraviolet are used. A choice was made to use 
ellipsometry and photoemission experiments. 
By means of ellipsometry, the complex dielectric tensor of a 
sample can be determined. This quantity depends on the energy 
differences of the electronic states involved in the optical 
transitions. Photoemission experiments furnish extra information 
since the final state energies are explicitly measured. 
Experiments were carried out on thallium, metallic tin and 
the ordered metnllir compounds palladium-antimonide and gold-
tin. Because of de Haas-van Alphen and radiofrequency size ef-
fects measurements on the one hand, and bandstructure calcula-
tions on the other, an extensive knowledge has developed in rela-
tion to the electronic properties of these materials.(see chap-
ters 4 through 7, and references therein). It seemed interesting 
4 
to test the consistency of this knowledge, and enlarge It, by 
means of optical techniques, 
The organisation of this thesis is as follows: In chapter 2 
the existing theory concerning optical transitions and photo-
emission in solids is reviewed. Chapter 3 furnishes an extensi-
ve description of ellipsometry and photoemission equipment. 
Both chapters 2 and 3 are intended to provide background infor-
mation, in order to make the contents of the chapters It through 
7 more transparent. In these chapters, which have appeared or 
-»ill appear shortly as dinstinct publications, the results of 
the experiments on the mentioned materials are reported, 
together with the interpretation of the data. 
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CHAPTER 2 
THEORY 
2.1, Electromagnetic radiation in absorbing media 
A phenomenological description of the electromagnetic pro­
perties of a medium can be accomplished by the macroscopic 
Maxwell equations«, The theory concerning these equations is 
thoroughly dealt with in a large number of text-books, (see for 
instance Jackson, 1962). Nevertheless in the next two sections 
some aspects of it are considered briefly in order to define 
the relevant experimental quantities. 
2V1.1. Maxwell's equations 
The interaction between electromagnetic radiation and matter 
is described macroscopically by the Maxwell equations. After 
introduction of an effective dielectric displacement D, in 
which the conduction current density is included, these are given 
in mks-units by 
$„Β = 0 
$.D = 0 
^
χ
ΐ = _ -^ В 
VxH = -2 Π (2.1.) 
at 
•* •+ ->· 
The symbols Ε, В and Η have the meaning of electric field, 
6 
mangetic induction and magnetic field respectively. It is 
supposed that there are no free charges and currents« It has 
to be remarked that the defined quantities are macroscopic to 
that effect that they are obtained by averaging the correspon-
ding microscopic quantities over distances which are small with 
respect to the wavelength of the electromagnetic radiation. 
The optical properties of matter can be characterised by the 
dielectric constant e(q,ü.O, which is defined according to 
D(q ω) = Μη,ω) E(q,u) (2„2„) 
•+ •* -V -»• 
Ε(ς,ω) and D(q,w) are the Fourier transforms of the quantities 
E(r,t) and D(r,t)„ In the optical regime, the wavelength 
λ= 2π/ς of the radiation is large with respect to the interato-
-> 
mie distances in solids, so it may be accepted that q = 0 (long 
wavelength limit)„ The dielectric constant is a function of 
both the properties of the medium and the frequency ω of the 
electromagnetic field, 
In an analogous way, the permeability y(q,(0) can be defined 
- » • - > • 
from the relation between В and H„ However the influence of у 
on the optical properties of solids can be neglected since at 
optical frequencies it reduces to a scalar with value У , the 
permeability of vacuum, (Landau and Lifshitz, 1960), 
In general, the dielectric constant will have to be represen­
ted by a compie* symmetric tensor. Only for isotropic substances it 
is a scalar which may be expressed in terms of its real and 
imaeinarv parts as 
ε(ω)= ε1(ω) + i e 2 (ω) (2.3.) 
Starting from the causality principle one can deduce 
Kramers-Kronig re lat ions for ε and ε : (Stern, 1963a)„ 
Ρ , · dû)* 
ε
ΐ
(ω) = e o - 2 i ; V ) "Τ 
ο ω - ω 
ε,(ω) = 2 £ ƒ {ε - ε ^ ω ' ) } -~— (2.4.) 
л ΤΓ Ο 1 
ο ω - ω 
where ε is the dielectric constant of vacuum and Ρ indicates 
о 
that the principal values of the integrals have to be taken. The 
Kramers-Kronig relations imply that the value of ε1(ε ) for a 
certain frequency ω can be determined if ε„(ε1) is known at 
all frequencies. 
2.1.2. Reflection and refraction 
If electromagnetic radiation makes a transition between two 
distinct media A and B, certain boundary conditions will have to 
be fulfilled, giving rise to the phenomena of reflection and 
refraction. (Stern, 1963b). These boundary conditions can be 
deduced from the Maxwell equations. In the absence of free 
charges and currents, they express the continuity across the 
boundary of the tangential components of E and H, and the normal 
components of D and 3. 
8 
4 х 
ι 
Figure 1. An inai-dent wave q etrikee an anisotropia 
medium, giving rise to a reflected wave q 
and two refracted waves q and q 
9 
We discuss the situation of figure 1, where a monochromatic 
->i i(qr-a)t) plane wave (E _ e ) is incident via a transparant and 
isotropic medium A upon an arbitrary medium B„ If medium В is 
anisotropic, the Maxwell equations will furnish two solutions 
for the refracted wave, with distinct states of polarization. 
(Pockels, 1906). From the boundary conditions it follows that 
->-i -ί-Γ 
the wavevectors of the incident (q ), reflected (q ) and both 
-•1 ->-2 
refracted (q and q ) are coplanar, having the plane of incidence 
in common0 If it is assumed that the symmetry axes of medium В 
coincide with the coordinate system of figure 1, its dielectric 
tensor can be reduced to: 
/e
x
 о o, 
ε =| о ey о 
0 0 cj <2„5„) 
By substitution of (2-5) in the Maxwell equations one can demon­
strate that both refracted waves are linearly polarized, perpen­
dicular and parallel to the plane of incidence respectively 
1 2 
(i.e. D = D = 0). In studying the optical properties of 
metals one is in general dependent on the information stored in 
the reflected wave. This is a consequence of the fact that the 
penetration depth of light in a metal is relatively short 
(< 1000 A in the range of interest) , so transmission measure­
ments are difficult to carry out. 
We now define two reflectivities R and R , for waves 
s ρ' 
polarized perpendicular and parallel to the plane of incidence 
10 
respectively : 
τ,Γ „ „i E = R E 
ζ s ζ 
xy ρ xy (2.6.) 
By means of the above mentioned boundary conditions, one can 
deduce the so-called Drude equations: (Drude, 1887). 
2 i 
cos<¡> - (ε - sin φ) 
R
s
 = 5 
созф + (ε - sin φ) 
ζ 
ε* ε*
 СО
аф - (ε _
 81η
2
φ)* 
R =ΠΓ- 1 , i (2.7.) 
ρ
 ε* ε*
 С 0 8ф + (ε _ sin φ)* 
χ у χ
 γ 
where Φ is the angle of incidence. 
It has to be emphasized that R and R are complex quantities, 
indicating that both phase and amplitude changes occur at reflec­
tion. 
The complex dielectric tensor of a solid can in principle be 
obtained by the experimental determination of R and R , as is 
obvious from (2-7). Section 3.1.1. will go into this subject more 
thoroughly. 
For reasons of clarity, isotropic matter will be considered 
in the remainder of this chapter, if the anisotropy is not of 
essential importance. By the optical properties of matter we 
mean the frequency dependence of the complex dielectric constant, 
ε(ω). 
11 
2.2. Absorption processes In solids 
The interaction between electromagnetic fields and solids is 
affected by the absorption of light quanta. In the energy range 
of interest (see chapter 1) the most important absorption 
mechanism is furnished by the valence electrons, making transi­
tions from occupied states below the Fermi level to empty states 
above it. In the next sections, the so-called interband and 
intraband transitions will be discussed. Both can be described 
in terms of the one-electron model. 
Absorption of electromagnetic radiation by excitation proces­
ses in which the mutual interaction of the electrons plays an 
essential role (plasmons, excitons), is assumed here to have a 
negligible contribution to the optical spectra of metals. 
2.2.1. Interband transitions 
Interband transitions occur when an electron is excited 
from an occupied state in a certain band i to an empty state in 
a higher band f. These transitions furnish the most important 
contribution to the total absorption spectrum. In this section 
the results will be given of the theory which is described in 
detail by Ehrenreich. (1966). 
The exact N-particle wave function ψ for the N electrons in 
a solid, fulfils the Schrödinger equation 
12 
•+2 
N Pi 
Н
^
 ={
*
Σ
Λ о
 +
 V } Ψ = ET (2.8.) 
О 1—1 ¿ш 
«here ρ is the momentшп operator for the i-th electron and the 
interaction of the electrons with the positive ions and with 
each other is expressed by V. The interaction of the electrons 
with electromagnetic radiation is given in the linear response 
approximation by the time dependent perturbation operator 
e 
2m 
Jj {p^Uj.t) + t(îi,t)pi} (2é9.) 
where Ä(r,,t) is the microscopic vector potential of the electro-
magnetic field. It has to be emphasized that A is the sum of the 
externally applied and the internally induced potentials. The 
latter is caused by the response of the electrons to the exter-
nal perturbation. . 
The interaction of the many-electron system with the effective 
electromagnetic field is approximated by a self-consistent 
potential in which the electrons move independently of each 
tther. The wave function Ψ can then be expressed as a Slater 
determinant of one-electron Bloch functions. In this so-called 
random phase approximation one can find an expression for the 
Interband contribution to the complex dielectric constant: 
εΝ.) = =Ц ¿
х
 /dì 'i*™ ^ — _ <>•"-> 
εητΤ
 1
'
1
 <*
ω
 + ΙΑ/τ.,) -(E.(k)-E. (к)Г 
o if f ι 
where ω is the frequency of the electromagnetic radiation (ίω = 
13 
Elk) 
Figure 2. Hypothetical bandstructure diagram with 
direct interband (1) and intraband (2) 
optical transitions indicated 
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photon energy)„ The integral is taken over those portions of 
the Brillouin zone where E (It) < E < E (к) , Ε. (к) and E (к) 
i F f i f 
being the i n i t i a l and f inal s tate energies respect ively and 
E i s the Fermi energy. The o s c i l l a t o r strength for the transi­
t ion from s t a t e Ii> to s t a t e I f> i s defined as 
f i f ( ^ ) = 2 I ^°Pif | 2 / m ( E j r ë b E j d b ) (2 .11 . ) 
where ρ = < f | p | i > i s the matrix element of the momentum 
operator and e i s a unit vector, indicating the polar isat ion 
of the electromagnetic f i e l d . The relaxation time χ i s a 
consequence of the f i n i t e l i f e time of i n i t i a l and f inal s t a t e s . 
In the l imit wT 1 f<<l > a Fermi golden rule type expression i s 
obtained for the imaginary part of the interband d i e l e c t r i c 
constant: 
2 
£2 ( ω ) = 2% 2 г fdì l*^if!2 ¿ ( ν ^ - ν ^ " * " 0 (2·12·) 
e π m ω if 
о 
It can be demonstrated that ρ is not equal zero, only if 
к = к + q + G. Since the magnitude of the wavevector of the 
light, |q|, is negligible compared to the dimensions of the 
Brillouin zone, it can be asserted that the electron wave vector is 
conserved during an interband transition, apart from a recipro­
cal wave vector G. In the reduced zone-scheme, these so-called 
direct transitions can be represented by means of vertical 
arrows (see figure 2). 
The anisotropy of the optical properties of solids which don't 
IS 
have a cubic crystal structure is expressed by the matrix ele­
ment le.ρ I which explicitly depends on the polarisation of 
the electromagnetic field. Since a calculation of wave functions 
is very laborious, the matrix element is often approximated to 
be constant (independent of wave vector к and band indices i and 
2 b 
f). In that case the quantity ω ε„(ω) is proportional to the 
joint density of states, J(u)), which is written (Bassani, 1966) 
J (ω) =
 iLf /dk 6(Ef(k) - Ε1(ί) - *ш) (2.13.) 
lb the constant matrix element approximation, the interband 
contribution to the optical properties is completely determined 
by the E(k) dispersion relation. 
As contrasted with the situation in atoms and molecules, the 
energy levels of the valence electrons in solids have a conti­
nuous distribution. For that reason, the optical spectra of 
solids demonstrate relatively little pronounced structure. The 
structure which is present can in principle be related to 
singularities in the integrand of (2-13), the so-called van Hove 
singularities (Bassani, 1966). They occur at positions in the 
Brillouin zone where occupied and empty bands are parallel. In 
practise however, the contributions of the distinct van Hove 
singularities are often difficult to distinguish as a conse­
quence of the summation over all possible band pairs in (2-13). 
For the interpretation of the optical spectra of solids a 
model of the bandstructure has to be available in advance, by 
means of which a calculation of the Joint density of states 
16 
can be made. 
2.2.2. Intraband transitions 
The intraband or Drude contribution to the optical spectrum 
is caused by transitions with initial and final states be­
longing to the same band (see figure 2). 
A quantum mechanical calculation in the random phase approxima­
tion as mentioned in the preceding section, furnishes the following 
expression for the complex dielectric constant. (Ehrenreich, 1966); 
2 
Drude _ j ω ρ (2.14.) 
e
 (ω) " ω(ω+ΐ/τ ) 
The plasma frequency ш is defined according to 
2 ne 2 (2.15.) 
ω
 =
 '—~" 
к
 о opt 
where η is the density of the valence electrons and m , their 
opt 
optical mass: 
m ^ = 12TT2*2n / /die V2E(Î) (2.16.) 
opt 
These results can also be obtained by describing the interaction 
of a free electron gas with an electromagnetic field by means 
of the classical Boltzman equation, so by inderstandlng this 
interaction as a high frequency transport process. (Abeles, 
1972a). 
Essential to expression (2.14) is the introduction of the relaxa-
17 
fermi 
level 
metal 
• 
ΐιω 
Ε ι - * -
vacuum 
Ρ 
'1 
'Λ 
vacuum 
level 
Figure 3. Photoemiesion procese in a metal. 
Eleotrorw are optically excited 
to final states Ε„ and escape into 
vacuum where E is their kinetic 
energy 
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tion time τ : absorption of radiation by free charge carriers 
is only allowed in the presence of scattering effects. Only in 
that case, the conservation laws of momentum and energy can be 
fulfilled simultaneously. At roomtemperature, τ
η
 is mainly de­
termined by electron-phonon scattering whereas at low tempera­
tures and high photon energies (> leV) electron-electron 
interactions also become significant. (Abeles, 1972b). 
The intraband spectrum forms a structureless background on 
which the interband contribution is superimposed. Furthermore 
Drude 
ε (ω) i s r e l a t i v e l y small over the major part of the 
spectrum. Only for low photon energies (typically <leV) it can 
become large, as can be noticed from equation (2.14). 
2.3. Photoemission 
In addition to reflection measurements, information about the 
electronic structure of metals can be obtained by making use of 
ultraviolet photoemission spectroscopy. This technique is based 
on the principle that optically excited electrons can be emitted 
from the solid so that externally their energy distribution can 
be determined. The most rigorous condition which has to be ful­
filled in order to obtain emission is that the final state ener­
gy of an exited electron exceeds the vacuum level (= Fermi ener­
gy E + workfunction e0, see figure 3). 
F 
The kinetic energy E of an emitted electron can be expressed 
in terms of the energy of the initial state E according to 
E = Е
л
 + -Пш - E„ - е0 (2.17.) 
i F 
19 
where fiai ie the energy of the photon that causes the optical 
excitation. 
In the following sections, the photoemission theory will be 
outlined. This theory is in close connection with the quantum 
theory of optical absorption.An alternative model for optical 
absorption, the so-called non-direct transition model, will be 
considered briefly. Finally, the influence of localised elec-
tron states near the solid-vacuum interface on the photoemission 
spectra will be discussed. 
2.3.1. The.three-step model 
If photoemission can be considered as a pure volume effect, 
the so-called three-step model can be used for a description of 
it. In this phenomenological model to which particularly 
Berglund and Spicer (1964) have contributed, the photoemission 
process is considered as a sequence of independent events, namely 
i. Excitation: 
Incident photons penetrate into the solid and are absorbed. 
As a consequence, valence electrons are excited to empty 
states above E_. 
F 
il. Transport: 
The excited electrons move through the solid, eventually 
in the direction towards the surface. During this transport 
process a fraction of the electrons will be inelastically 
20 
scattered, as a consequence for example by electron-elec­
tron interactions. 
iii„ Escape: 
The scattered and unscattered electrons that reach the 
surface will be emitted into the vacuum if their momentum 
into the direction perpendicular to the surface is suffi­
cient for surmounting the potential barrier. 
Since the pioneering work of Bergland and Spicer, more rigorous 
theoretical models of the photoemission process have been 
described (Adawi, 1964, Mahan, 1970, Schaich and Ashcroft, 1971, 
Caroli, 1973, Feibelman and Eastman, 1974). 
Felbelman and Eastman have demonstrated that for an independent 
electron system a Fermi golden rule type expression for the 
photoCurrent density can be deduced: 
j(E,*a))~ I |<f|0| i>|2 δ(Ε-Ε -Βω) (2.18.) 
where the summation runs over all occupied initial states. 
0(r) = ¿{A.p+p.A} is the familiar dipole operator (compare with 
formula (2.9.)). The wave functions of the initial and final 
states, |i> and [f^, are eigenfunctions of the one-electron 
2 ->· 
hamiltonian, Η = ρ +V(r), where the self-consistent potential 
V(r) includes the surface. As a consequence these wave functions 
are not exact Bloch functions. 
The wave function of the final state describes several aspects: 
the Bloch-like character in the solid, transmission through the 
21 
the surface and the free electron like behaviour In vacuum. 
Many-particle effects can be introduced in an ad-hoc way by 
- > • 
defining a complex wave vector к for the final state wave 
functions in the solid. The imaginary part of к can be correla­
ted to a free path l(E,k) for the excited electrons, 
It can be demonstrated (Feibelman and Eastman, 1974) that the 
Fermi golden rule expression (2„18„)can be approximated by the 
semi-classical three-step model, if the damping as a consequence 
of талу-particle effects is small, i
a
e„ if the mean free path 
is much larger than the interatomic distances. In terms of this 
three-step model, the energy distribution G(E ,·ϋω) of the 
emitted electrons can be written (Eastman, 1974) 
G(E,-fta))~ £ f /dk Tf(E,k)Df(E>k)|e„pif[2 5(Ef(к)-Е1(к)-«ш) 
6(E-Ef(k)) (2.19,) 
ι "• •* ι 
where | e,p [is the familiar optical dipole matrix element 
between Bloch-type wave functions. The similarity with expres­
sion (2.12.) is striklng:the energy distribution of the optical­
ly excited electrons is modified by the effects of transport 
and surface transmission which are represented by Τ (E,к) 
and D (E,к) respectively. If both Τ , D and the dipole matrix 
element are independent of к, С(Е|'йш) is proportional to the 
energy distribution of J(ω)(the joint density of states from 
equation (2.13.)) . 
In polycrystalline matter, the velocity distribution of the 
excited electrons may be assumed isotropic. The surface trans-
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mission probabil ity can then be approximated by the free 
electron expression (Berglund and Spicer, 1964): 
E + ef¡f ι 
T f(E,lí) = To(E) = i {1 - < - ~ ) 3 } i f E>EF + e0 
= 0 i f E<E_ + e0 (2„20„) 
F 
In the case of single crystals, the wave function of the final 
state has to be decomposed in plane waves, A component is 
transmitted into vacuum if its momentum, perpendicular to the 
surface is sufficient to surmount the potential barrier 
(Eastman, 1974). 
, - * • - * 
Making use of the phenomenological free path 1= |l(E,k)| 
of the excited electrons, an expression can be deduced for the 
transport factor D (E,k), i„e„ for the probability that an 
electron arrives at the surface unscattered (Berglund and 
Spicer, 1964); 
Е
'
г) =1
- lar ln (aiS-LiT > <2·21·> 
о о 
where the optical absorption coefficient is a function of the 
ω / 2 2 i i 
photon energy *ω: α = — /2 (-ε1 + (ε1 + ε.) ) , where с is the 
velocity of light. 
By means of the free path, the electron lifetime т(Е,к) can 
be defined according to 
t(E,k) =^т(Е,к) . ^ kE (k) (2.22.) 
The quantity т(Е,к) is determined by the mechanism which is 
responsible for the scattering of the excited electrons. In 
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Figure 4. Sahematical reproduction of 
electron scattering by electron-
t 
hole creation: E - E +En-Ey 
24 
general it is accepted that electron-hole pair creation is the 
dominant scattering mechanism (Eastman, 1972)„ In the next 
section its influence on the photoemission process will be 
considered, 
2.3.2. Inelastic scattering 
Inelastic scattering of the excited electrons will influence 
the photoemission process for a number of reasons. First of all 
the optically excited spectrum will be modified by the transport 
factor D (E,k) from equation (2.21.). Furthermore scattering 
can give rise to emission of secundary electrons, i.e. elec­
trons which are as yet emitted into vacuum after being scatte­
red. The contribution of these electrons will appear as a 
background in the photoemission spectra, on which the contribu­
tion of the primary electrons is superimposed. 
Finally the influence of lifetime broadening on the photo­
emission spectra can be of importance. 
Inelastic scattering as a consequence of electron-hole, pair 
production is schematically shown in figure 4. 
The probability per unit of time, W, that an electron is 
scattered from the state (E ,k ) into the state (E,k), by 
creating a hole and an electron in the states (E ,k ) and 
о о 
(E ,k ) respectively, can be calculated by means of first order 
time dependent perturbation theory (Kane 1967): 
25 
W = Г 1 1<£Д,1 н lî'.к H^ÍE'ík)- (к)-ЕЛк)-Е (к)) 
Ъ ' 1 ' С ' О ' 1 о 
(2.23.) 
where H is the screened coulomb interaction energy. In the 
с 
"random к approximation"(Kane 1974) the matrix elements in 
(2.23.) are assumed to be constant. In this case, the probabili-
t 
ty ρg that an electron with energy E is scattered to E, can be 
expressed as 
EF 
ρ (E,E ) = С ƒ , dE N(E )N(E)N(E +E -E) (2.24.) 
8
 E -(E -E) 0 0 0 
F 
where С is a proportionality constant which includes the 
constant matrix element. N(E) is the state density function, 
defined by 
N(E) = Σ fdk δ(Ε-Ε (к)) (2.25.) 
η η 
where the integral is taken over the entire Brillouin zone. 
The total transition probability per unit time for an electron 
ι 
with energy E is 
E„+E 
PÍE*) = /F 
.. - dE Pn(E,E ) (2.26.) 
S Up в 
The electron lifetime from equatión(2.22.) can be obtained 
according to 
τ(Ε) = 1/P (E) (2.27.) 
s 
For a calculation of the contribution of scattered electrons to 
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the total photoemission spectrum, one has to start from the 
energy distribution of the optically excited electrons, S (E,hü)), 
In the constant matrix element approximation, this quantity is 
just the energy distribution of the joint density of states, 
i.e. the distribution in (2.19.) which would be obtained if 
there were no modifications as a consequence of transport and 
escape effects (T = D = 1). 
The contribution of once-scattered electrons is given by(Berglund 
and Spicer 1964): 
Ε
ρ
+
* ω , , , 
Ο,ίΕ,ΐω) = Τ,(E).D.(E) ƒ_ dE V(E,E )S (Ε ,*ω) (2.28.) 
ι ι ι ь о 
where 
I 
V(E,E ) = {-^γ ln(l4ca(E )) + ^— l n < 1 + "ттю^ 
al(E ) KE ) K 
In the derivation of (2.28.) it was assumed that the free path 
1 (and therefore also the transportfactor D ) is k-independent. 
This implies (see equation (2.22.)) that τ is taken in the 
random k-approximation and the group velocity of the excited 
electrons, Е.(к)/Ъ, is averaged over all k-directions. Probably, 
this simplification is physically justified because elastic 
scattering effects (electron-phonon interactions for instance) 
will tend to smear out the k-dependence of the group velocity. 
The contribution of multiple scattered electrons to the photo-
emission spectra can be obtained by iteratively applying 
27 
equation (2.23.). 
2.3.3. Nondirect transitions 
In the three-step model for photoemission, as described in 
the preceding sections, it was assumed that the optical transi­
tions vere of the direct interband type, i.e. both the energy 
and the wave vector of the electrons are conserved during the 
transitions. 
In the past the so-called nondirect model has often been 
applied with considerable success to the interpretation of 
the experimental photoemission spectra. In this phenomenological 
model it is assumed that only the electron energy is conserved 
during the excitation process. 
There is no complete theory for nondirect transitions. It is 
assumed that they might be understood in terms of localisation 
of the created hole: relaxation effects will then play a role 
and a many-particle formulation is required (Spicer, 1967 and 
Doniach, 1970). Also in a one-electron picture, localisation of 
a hole will introduce an uncertainty in к as as consequence 
of the Heisenberg relation, since wave vector conservation 
looses its meaning. From these arguments one would expect that 
the nondirect model is particularly applicable for transitions 
from d-bands in transition metals. However, nondirect transi­
tions also seem to occur in materials with broad valence band 
like aluminium (Eoyama and Smith, 1970) and indium(Koyama and 
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S p i c e r , 1 9 7 1 ) . 
I f t h e wave v e c t o r к c e a s e s t o be a fcood quantum number, e x p r e s ­
s i o n ( 2 . 1 9 . ) can be s i m p l i f i e d to (Eastman, 1 9 7 2 ) : 
2 
G(E,ftü)).. T f ( E ) . D f ( E ) . p (Ε) .Ν(Ε).Ν(Ε-1ί
ω
) ( 2 , 2 9 . ) 
I.e. the energy distribution of the emitted electrons is pro­
portional to the product of the initial and final state densi­
ties. In this expression, p(E) is the optical dipole matrix 
element. 
In practise, it often appears to be difficult to establish 
unambiguously whether transitions are direct or nondirect. 
For a number of polyvalent metals, both models furnish a satis­
factory interpretation of the experimental spectra. Apparently, 
structure in the product of the density of states often 
corresponds to structure in the energy distribution of the 
joint density of states. This may be understood from the fact 
that in these metals the Fermi surface extends over several 
Brlllouin zones. As a consequence, there are relatively many 
areas in k-space where the bands of both initial and final 
states are approximately horizontal. (Koyama and Smith, 1970). 
2.3.4. Surface effects 
The mean free path of the optically excited electrons, defi­
ned in section 2.3.1., will be very short in general. In most 
metals the photoemission process is confined to the first ten 
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Figure 5. 
Inelaatic mean free path (in A) for exaited electrons in thallium 
and tin, as a function of electron energy above the Fermi level. 
The data were calculated by means of equation (2.22). Electron-
electron interactions were assumed to be the dominant scattering 
mechanism 
The region between the two bold curves encompasses most common 
materials (Feuerbacher and Willis, 1976) 
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monolayers near the solid-vacuum Interface (see figure 5). As 
a consequence pbotoemisslon is very sensitive to the quality 
of the sample surface. Clean surfaces are a prerequisite in 
avoiding extrinsic effects caused by adsorbed atoms and molu-
cules. Nevertheless the local density of states in the first 
two or three monolayers will deviate from the bulk density of 
states because the Bloch functions are modified near the inter­
face. Besides, the surface potential gives rise to extra loca­
lised states, the intrinsic surface states (Smith, 1975). So 
in photoemission experiments it is of importance to try to 
separate the contributions of bulk and surface. 
Suppose the effective crystal potential is separable in a 
lattice periodic term V_ and a surface term V . The matrix 
в s 
element from (2.18.) can then be expressed as (Feuerbacher and 
Willis, 1976): 
<f |ô|i> = - Y V ^ І ^ Ч 1 ^ +t- H r <*І*-ЧІ1 > - 1 * < f 
f i f i 
I^AJi } (2.30.) 
The first term on the right hand side of this equation is 
related to bulk photoemission. The two remaining terms express 
the contribution of surface effects. A distinction can be made 
between contributions Induced by the surface potential and by 
the divergence of the vector potential. The latter is a conse­
quence of the fact the $І is finite near the solid-vacuum 
interface because of the dläcontinuity in the dielectric 
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constant ε. 
Assuming that both the surface potential and the vector poten­
tial only change in a direction perpendicular to the surface, 
it can easily be seen that 
<f|0| i> , (e„z) (20310) 
where e is the polarisation direction of the incident light 
and ζ the normal of the surface. 
Despite the fact that the separation of the effective potential 
in a bulk and a surface term probably is a crude approximation, 
expression (2.31.) works well in practise (Feuerbacher and 
Fitton, 1974). On the account of these arguments one may expect 
that the contribution of surface photoemission will be reduced 
to a minimum for normally incident light. 
Formally, surface effects may not be left out of consideration 
In reflection measurements. However, as the penetration depth 
of the light is many times larger than the mean free path of the 
excited electrons, these experiments are much less sensitive to 
the surface. As a consequence, its influence is neglected in 
general. 
2.4. Brlllouln zone integrations 
In the preceding sections a number of spectral functions have 
been defined which can be calculated directly from the bandstruc-
ture: the density of states (2.25.), the joint density of states 
(2.13.) and the energy distribution of the Joint density of 
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States (2» 19.J* For the calculation of these quantities, an 
integration over the Brillouin zone is required. As the energy 
eigenvalues of the crystal hamiltonian are only known in a 
finite number of k-points, some approximation will be necessary 
in order to carry out this integration. In practise two essen­
tially distinct methods are in use.(Gilat, 1972), For both 
methods it is required that the energy eigenvalues, E (к), 
are known on a regular mesh of k-points in the irreducible 
Brillouin zone. The eigenvalues in an arbitrary point can then 
be calculated by means of an interpolation procedure. 
a. Gilat-Raubenheimer and Linear Tetrahedron method. (Rath and 
Freeman, 1975). 
In this method, the irreducible Brillouin zone is devided 
into an arbitrary number of small cells (cubes, tetrahe­
drons etc.), which are localised around central points к . 
-* -*• -ν ->• 
In every к the eigenvalues E (к ) and derivatives V, E (к ) 
с n e k n c 
are determined by the said interpolation procedure. The 
linear term from the Taylor series can then be used in 
order to enable a continuous integration in these cells. 
The spectral functions are obtained by adding the contribu­
tions from all cells. 
b. Monte Carlo method. (Brust, 1968). 
-ν 
In this method, k-points are randomly generated in the 
irreducible Brillouin zone. Again, the energy levels are 
33 
calculated In every k-point by means of Interpolation. The 
spectral functions are obtained by replacing the Brillouln 
zone integration by a summation over all the sampled k-points» 
The statistical fluctuation which are inherent to this 
method, decrease according to 1/Ai, where N is the number of 
random points. 
It is important to take k-points randomly distributed, as a 
regular mesh of points could give rise to artificial 
structure in the spectra. 
The advantage of the analytic Gilat-Raubenbeimer method to the 
discrete Monte Carlo method is the more favourable ratio between 
convergence and resolution on the one hand, and the required 
computer time on the other. However, Monte Carlo calcula-
tions are simpler to carry out. As a consequence, drafting the 
computer programs is less time-consuming. 
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CHAPTER 3 
EXPERIMENT 
3.1. Ellipsometry 
For the determination of the optical constants of metals a 
number of distinct techniques are available (Hummel, 1971). 
The most Important of these are uormal Incidence reflectivity 
measurements and ellipsometry experiments. 
In the first method, the intensity ratio of the reflected 
and the (normally) incident light beam is measured. The obtained 
quantity, the reflectance R, can be expressed as 
(n+l) + к 
«here η and к are the real and Imaginary part of the complex 
index of refraction, so 
2
 ..
2 
ε = η -к 
ε 2 = 2nk (3.2.) 
The reflectance R furnishes a relation between the real and 
imaginary part of the dielectric constant. Information about 
these two quantities can be obtained individually by applying 
the Eramers-Kronig relations (2.4,). These relations contain an 
integral over an infinite frequency range. As the experiment 
is only carried out in a restricted interval, an extrapolation 
38 
Figure 6. Principle of ellipsometry as applied in our experiment 
For desoription see text 
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procedure will be necessary and an uncertainty will be intro­
duced in the final result. 
The second possibility, ellipsometry, was applied by us. This 
technique is based on tht fact that the state of polarisation 
of obliquely incident light changes as a result of reflection 
by a surface«, This is a direct consequence of the Drude expres­
sions (2.7.)о By measuring this change in state of polarisation, 
both e. and ε„ can be determined simultaneously, without 
applying Kramers-Kronig relations. 
3. 1.1. Principle of ellipsometry (Bashara and Azzan, 1976) 
The principle of the ellipsometry experiment is schemati­
cally shown in figure 6. Linearly polarised light is incident 
on the sample surface. The electric field vectors can be decom­
posed in components perpendicular (s) and parallel (p) to the 
plane of incidence. On reflection, these components experience 
different changes in phase (S and & ) and amplitude (r and 
s ρ s 
г ). As a result, the reflected light will be elliptically 
polarised in general. By means of the definitions (2.6.) one 
can write 
В = r e ρ 
Ρ Ρ 
R = r ei°s (3.3.) 
s в 
The relative phase and amplitude parameters, Δ and ψ, are 
defined according to 
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Γ , 
tan ώ = s/r 
Ύ
 Ρ 
Δ
 =
 δ
 -
δ
 (3.4.) 
Ρ s 
so that 
I2· = tan ψ e"^ (3.5.) 
Rp 
From the illustration given in figure 6, the light intenöity as 
measured by the detector can be expressed in the parameters of 
the sample,ψ and À, and in the experimental parameters <U, φ 
and φ, representing respectively the azimuths of polarizer 
and analyzer with respect to the plane of incidence and the 
angle of incidence (Beattie, 1955): 
2 2 2 2 Ά 
Пф-ціфд) = I ( c o s фдСоэ φ + tan ф і п φ e i n φ
ρ
 + tarifJcosA 
з і п 2 ф
А
з і п 2 ф р ) ( 3 . 6 . ) 
where I is the intensity of the light incident on the sample. 
о 
By measuring the light intensity for a number of combina­
tions (φ ,φ ), the quantities ψ and Д can be determined. The 
dielectric constant can then be calculated from equations (3.5.) 
and (2.7.). For isotropic materials, this calculation is 
straightforward (Bom and Wolf, 1959): 
2 2 2 
. 2 . 2 _ 2
Α
 c o s 2\¡i - s i n A s i n 2φ 
s i n φ + s i n φίβη φ * -ϊ-
(1 + соаДэіп2ф) 
- j 2 i t 2 .ι в і М з і п 4 ф ( 3 . 7 . ) 
ε . = s i n φΐβη φ * 
(1 + созЛвіпгф) 2 
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For anisotropic materials the dielectric tensor is made up 
of several components, so several independent measurements have 
to be carried out for the determination of them,, We shall only 
consider the uniaxial anisotropic case (i
c
e„ tetragonal, trigo­
nal or hexagonal crystal structures)о It is assumed that the 
principal axes of the dielectric tensor coincide with the 
coordinate system of figure 6t The components of this tensor 
are ε and ε.. , for polarisations perpendicular and parallel to 
the anisotropy axis (c-axis) respectively. 
Two series of measurements are carried out: with the c-axis 
parallel to the z-direction (series A) and to the y-direction 
(series Β), 
For measurement A one must take 
ε
χ
 = Ey = h · εζ = ε// 
and for measurement В 
ε
=
ε
=
ε ε
=
ε , 
X Z ¿ ' у // 
Substitution in the Drude equations (2070) furnishes two 
equations for the two unknowns ε and ε : 
ι 2 1 
, . 2 *
 e
 созф + (с, - sin φ) . 
созф - (ε,, - sin φ) J. ψ A ι__ _ . , -1Δ 
* 4(~ ^-τ" « ζ ϊ t a ^ A e Α 
совф + (ε - sin φ) ε, созф - (ε, - sin φ) 
, . 2 Λ ε, ε,, созф + (ε, - sin φ) 3 
созф - (ε. - sin φ) χ и ψ J. ψ 
2 J к ϊ S 2 ϊ _ 
созф + (ε - sin φ) ε ε созф - (ε, - sin φ) 
tanijj е - 1 В (3„8„) 
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From these non-linear equations,ε and ε., have to be detei 
mined numerically. 
3.1.2. Method of measurement 
The method of measurement as applied by us is derived from 
that originally designed by Seattle and Conn,(1955). As has 
been suggested in the preceeding section, several combinations 
(φρ.φ.) can be used for the determination of ψ and Д. In our 
experiment, the position of the polarizer was fixed. This has 
the advantage that all optical components which are in front 
of the polarizer (like light source and monochromator) have no 
influence on the state of polarisation of the light, incident 
on the sample. The light intensity Ι (φ ,φ ) is measured with 
φ = 45 at eight discrete settings of the analyser: 
I. = I (45°, 0°) I. = I (45°, 180°) 
1 * " » - ' - 5 
2 = I i45"· 4 5 θ > h 
3 
I„ = I (45°, 45°) I = I (45°, 225°) 
I, = I (45°, 90°) 
I 4 = I (45°, 135°) I 8 = I (45°, 315°) (3.9.) 
The ellipsometric parameters can be determined by means of 
expression (3.6.): 
tan ψ = (Ig/Ij) 
i 2 - I 
cos Δ = (8іп2ф)~ — (3.10.) 
2 + 14 
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So the four intensities I through I. are in fact sufficient 
for the determination of the optical constants. However in our 
experiment the intensitiaa I. through I were also measured, in 
э о 
order to have available a test with respect to the reliability 
of the measurements. (Winsemius, 1973). Namely in the ideal 
case, the following relations hold: 
I 1 = I i + 1 ( for i = 1,2,3,4 ("Symmetry rule") 
I + I, = I 2 + I ("sum rule") (3.11.) 
Deviations from these criteria are mainly caused by incorrect 
positions of polarizer and analyser with respect to the light 
beam (see section 3.1.4.). Section 3.1.6. deals with the degree 
to which the symmetry rule and the sum rule both have to be 
fulfilled in order to obtain reliable results. 
Performing accurate ellipsometry experiments requires a pro­
per value for the angle of incidence φ. The best Φ is obtained 
when errors in the optical constants, as a consequence of 
errors in the intensities I are minimal. This situation occurs 
when Δ= 4π (Beattie, 1955). By definition φ then equals the 
principal angle of Incidence φ . (Bom and Wolf, 1959). 
The value of φ depends on the metal in question and on the 
о 
wavelength of the incident light, but will be large in practi­
cally all cases (60 < φ <90 ). In our experiments φ was fixed 
о 
at approximately 70 . 
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Figure 7. Bloak diagram of the experimental set up 
For description see text 
3.1.3. Experimental equipment 
We bave build our equipment, based on the previously des-
cribed methods and principles. In this section an overall 
picture of the apparatus will be given. In the next sections we 
will describe the most important experimental components. 
A block diagram of the experimental equipment is given in 
figure 7. 
The image of the filament of a 100 W quartz-halogen lamp is 
focussed on the entrance slit of a grating monochromator. The 
lamp Is situated in a water-cooled housing and is fed by a 
stabilized current, thus the drift In the light intensity is 
less than 0.1% per minute. The light leaving the monochromator, 
succesively passes along a quartz lens, a diaphragm and a 
polarizer, so that finally a narrow, parallel and linearly 
polarized light beam is incident on the sample surface. The 
light beam reflected by the sample passes a second polarizer 
(= analyzer) after which its intensity is measured by a photo-
detector. For this purpose, a lead sulphide photocell or a 
photomultiplier equiped with quartz window le used, according 
to the spectral range. A chopper periodically interrups the 
light beam with a frequency of 400 Hz. The electric signal lea-
ving the photodetector is phase sensitive detected by a 
lock-in amplifier which is tuned to the chopper frequency. The 
demodulated output signal goes into a so-called "ellipsometry 
controller" which has a number of functions, namely: 
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Figure 8. Flow diagram of the ellipsometry controller 
N
o
 is an adjustable integer (1,2...9) in­
dicating the total number of measuring cycles 
that is completed in succession 
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1) integration of the output signal of the lock-in amplifier, 
during an adjustable time interval, 
2) displaying the result on a digital voltmeter and punching 
it on papertape, 
3) rotating the analyser by means of a stepping motor, 
4) operating the wavelength-drive of the monochromator, 
5) adjusting the magnitude of the input signal of the lock-in 
amplifier, by means of a programmable attenuator. The pur­
pose of this function is to ensure an optimum use of the 
detection system, independent of the intensity of the light 
beam. This will be made more explicit below, 
In figure 8, the principle of the ellipsometry controller 
is schematically shown by means of a flow diagram. 
By activating the starter button, the analyser is rotated over 
45 , towards its first measuring position. Subsequently, the 
output signal of the phase sensitive detector is integrated, 
analog-digital converted and punched on papertape (= I )„ 
о 
Hereafter, the analyser is automatically rotated over 45 , the 
new light intensity is measured and recorded etc.. This 
procedure is reiterated until the analyser has returned into 
its original position. From the obtained intensities, I through 
I-, the ellipsometrlc parameters can be determined as described 
in the preceeding section. 
After such a cycle has been completed, the wavelength of the 
light is changed by an adjustable amount ДХ. This is done by 
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means of a synchronous motor which is coupled to the wavelength-
drive mechanism of the monochromator. Hereafter, a new measuring 
cycle is started automatically. 
The light intensities as measured by the photodetector 
are dependent on the wavelength to a high degree. At an auto-
matic concatenation of several measuring cycles, the signals 
can become too high or too lows As a result, the detection 
system will be driven into saturation or, in the opposite case, 
its own noise will contribute significantly to the total 
output signal. In order to achieve that the detection system 
is always used in its optimum range, the next provision is 
introduced. During a measuring cycle, the number of times 
that the signal exceeds or remains below certain adjustable 
limits G and G is recorded respectively. If it appears that 
one of the eight intensities exceeds the value G then the 
output signal of the lock-in amplifier is attenuated by a 
factor of two, at the end of the cycle. If all eight inten-
sities remain below the value G , the amplification is 
increased by a factor of two. In this way at maximum nine 
measuring cycles can be completed in succession without inter-
ference. In practise it appears to be hardly significant to 
extend this number as human interference remains necessary, for 
instance for interchanging the photodetectors or the gratings 
of the monochromator. 
49 
З.1.4. Polarizer and analyser 
In the infrared and visible parts of the spectrum the pola­
rizers used by us were of the type GIan-Thompson. However for 
photon energies above 4 eV, the cement with which both parts 
of the prism are glued together, becomes strongly absorbing. 
For that reason, Glan-prisms were used in the ultraviolet. Both 
polarizer and analyser are mounted in holders with a graduation 
in degrees. The accuracy and reproducability of φ and φ is 
Ρ A 
about 0.02 . The analyser is rotated about its axis by a 
stepping motor. In order to attain the requisite accuracy, use 
was made of a reducing gearing, equiped with high accuracy gear 
wheels. 
The extinction rate of the Gian and Glan-Thompson prisms 
-5 -6 is better than 10 and 10 respectively. 
In addition to these requirements of accuracy, the polarizer-
analyser system also has to fulfil several other conditions. 
Firstly, the deviation between the direction of the light beam 
and the optical axes of the polarizers may not be too large. 
The allowed deviation is determined by the workable angle Φ, 
which is a characteristic parameter for a polarizer. The 
quantity Φ is wavelength dependent. For λ= 4000Λ applies: 
о 
Φ = 28 for Glan-Thompson prisms 
о 
Φ = 8 for Gian prisms. 
In the infrared and ultraviolet the workable angle can be 
considerably smaller and even become asymétrie with respect to 
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the optical axis. Especially in these regions errors will be 
introduced if the direction of the transmitted light does not 
coindlce «ell enough with the optical axes of the polarizers 
(for instance if the light beam is not properly parallel). Then, 
the state of polarization of the light leaving the prisms is 
not exactly linear« Furthermore the deviation from linearity 
depends on the azimuths of the polarizers. Fortunately these 
errors can be noticed as they introduce relatively large devia­
tions from the symmetry rule and the sum rule which are des­
cribed in section 3.1.2,0 
Secondly, the accurate allignment of the azimuths of 
polarizer and analyser, (L, and φ , is of utmost importance in 
performing reliable ellipsometry experiments. We have developed 
an allignment method whi,ch is both fast and accurate. This 
method enabled us to carry out the alignment "in situ" with 
the equipment in the measuring position. The obtained accuracy 
in φ and φρ is about 0.02 . For a detailed description, the 
reader is referred to the appendix. 
3.1.5. ultra-high vacuum system 
In order to obtain reflecting surfaces as ideal as possible, 
our samples were prepared or mounted in an ultra-high vacuum 
-9 
system, in which a pressure of lower than 5 χ 10 torr could 
be established. For that purpose it was equiped with an ion-
getter pump with pumping speed of 200 1/s for nitrogen. The 
51 
pumping speed could be increased to about 4000 l/s by means of 
a water-cooled titanium sublimation pump. 
A manipulator was used for the orientation of the sample in 
the vacuum chamber. By means of this device, the sample could 
be rotated around the z-axis (see figure 6) so that the angle 
о 
of incidence φ could be adjusted with an accuracy of 0.05 . 
In the case of single crystalline samples, a second rotation 
possibility around the x-axis was used in order to vary the 
orientation of the crystal with respect to the polarization 
detection of the incident light. This provision facilitated 
the determination of the anisotropy in the optical properties 
of uniaxial anisotropic samples (see section 3^1.1.). 
Furthermore, by means of the manipulator, the sample could 
move linearly in arbitrary directions, which facilitated the 
alignment of the optical train to a high degree. Finally, the 
manipulator was equiped with a flow cryostat and a heating 
resistance in order to be able to cool the sample down to 
liquid nitrogen temperature or to heat it to a maximum of 
1200OC, 
Inside the vacuum system, polycrystalline metal films were 
evaporated from heated molybdenum or aluminium oxide crucibles 
onto polished substrates (copper, quartz etc.). In this 
way, very clean and optically flat samples were prepared "in 
situ". It has to be remarked though, that during the evapo-
—8 
rations the pressure raised into the 10 torr range. Poly­
crystalline films of alloys and compounds could also be prepared 
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as we had a flash evaporator at our disposal.When this was in 
-7 
operation, the pressure raised into the 10 torr range, as a 
consequence of the high temperature of the crucible and its 
attendant high outgassing of the interior of the vacuum system. 
For the transmission of the incident and reflected light 
beams, the measuring chamber was equiped with two windows of 
fused silica. It is important that these windows do not 
influence the state of polarization of the transmitted light» 
In practise, it is hard to fulfil this condition. As these 
windows have to be mounted in stainless steel holders at high 
temperature1 strains are likely to be introduced as a 
consequence of differences in thermal expansion coefficient. 
Furthermore, bolting the windows to the vacuum system can 
have adverse effects. These strains cause the fused quartz 
to become biréfringent. With all commercially available 
windows, dramatical errors in the optical constants of an 
arbitrary sample were observed. The solution to this problem 
was furnished by absorbing the strains, introduced in the 
metal-quartz transition, by means of a vlton 0-ring. A rather 
thick (~ 5 mm) plane-paral le l quartz slab was stuck onto the 
0-ring with special low vapour pressure gum in order to save 
the ultra-high vacuum. In turn, the 0-ring was stuck onto 
a s t a i n l e s s s t ee l f lange, (see figure 9 ) . It was important that 
the (very hard) gum at the upper side of the 0-ring did not 
contact the lower side in order to prevent the strains to be 
transmitted (L„ Coenen, private communication). The flange could 
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then be firmly bolÏed to the vacuum system. The windows 
prepared this way appeared to have no observable effect on the 
results of the measurements. 
3„1.6. Error analysis 
We have taken advantage of the error calcuation of Winsemius 
(1973) in order to get an idea of the extend to which a number 
of factors influenced the accuracy of the experimental 
results. In his thesis he gives explicit expressions for the 
derivatives of ε and F with regard to several experimental 
parameters, such as the angle of incidence φ and the intensities 
I through I , Taking that into account we can conclude that 
the inaccuracy of 0,05 in φ will introduce a systematic error 
of about 1% in p. and 3% at most in ε , The errors in the 
2 1 
optical constants, corresponding with the 0,1% uncertainty in 
the intensities can be neglected over the major part of the 
spectrum (~ 0,2%), Only in the infrared region deviations up 
to 1% in F_ can set in. These latter figures were verified 
experimentally by carrying out a number of measurements at 
fixed wavelength, 
In addition to these, several other especially systematic 
errors can be material. Deviations in ώ. and φ as a result of 
an inaccurate alignment procedure for the polarizer-analyser 
system, can cause relatively large errors in the optical con­
stants, However, due to calculations of Dignam and Moscovite 
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(1970) we can state that in our case, where ¿¡φ. ~ δφ ~ 0
o
02 , 
A Ρ 
these errors are negligible over the entire energy range 
(Δε1/ε1 ~ Δε 2/ε 2 <0„2%)= 
In section 3.1.2, it was reported that all intensities I.. 
through I were determined in order to have available a 
couple of reliability criteria: the symmetry rule and the sum 
rule. In processing the results of the measurements, for every 
wavelength it was determined to which extend these criteria 
were fulfilled. With a well aligned equipment it appeared 
possible to limit the deviations from the symmetry and sum 
rule to 1% and 0.5% respectively. The corresponding deviations 
in the values of ε. were less then 2% over the entire spectrum. 
The deviations in ε 1 were even smaller (1%). 
Several other possible sources of errors were examined: 
chromatic aberation of the lenses, polarization-dependence of 
the sensitivity of the photodetectors and the finite extinction 
coefficient of the polarizers. The effect of all these factors 
on the accuracy of both ε1 and E appeared to be negligible. 
A discussion about the reliability of ellipsometry experi­
ments should be concerned also with the quality of the sample 
surface. If one intends to interpret the optical spectra of 
metals in terms of bulk properties, by far the largest uncer­
tainty will be introduced by the presence of this surface (see 
section 2.3.5.). A first requisite for performing reliable 
experiments therefore is an optimum treatment of the surface 
in order to eliminate as much as possible the effects of 
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absorbed impurities, mechanical deformations, surface roughness 
etc. It is impossible to quantify the influence of all these 
factors on the observed optical properties. In principle they 
can be responsible for spurious structure in the spectra, or 
the broadening or even disappearance of existing structure. 
(Heyer, 1976, Smith, 1976 and Winterbottom, 1976). 
The circumstances under which the sample is prepared and 
studied have to be as ideal as possible. Ultra-high vacuum 
techniques are essential to that end. Samples which have not 
been prepared "in situ" (for instance single crystals) must 
be subjected to a surface treatment immediately before or, even 
better, after mounting in the vacuum system. If possible, the 
results from these samples have to be compared with those 
from "in situ" evaporated films of the same material. 
Concluding, we may say that, irrespective of potential surface 
effects, the Inaccuracy in the values of ε and ε is about 3% 
or smaller. As an extra check we have measured the optical 
properties of an electrolytically polished white tin single 
crystal and compared them with existing data (Schwartz, 1971). 
The agreement appeared to be better than 3% over the entire 
spectrum (0.6 - 5.0 eV, see figure 10). 
The inaccuracy in the photon energy is mainly determined by 
the reciprocal linear dispersion of the used grating, in 
combination with the slit-width of the monochromator. During 
the experiments, the slit-width was adjusted in such a way 
that ΔΛω ¿ 0.02 eV. The inaccuracy as a consequence of observa-
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tlon or calibration errors is negligible (Δίιω < 0.005 eV) „ 
3.2. Photoemission 
Ultraviolet pbotoemission experiments will furnish infor­
mation about bulk states, only if the inelastic scattering length 
of the excited electrons is large enough. In practise this 
means that one is committed to use photon energies roughly 
below 15 eV. (see figure 5). For larger photon energies, the 
spectra will mainly be determined by the local density of 
states near the surface. However, for photon energies of the 
order of 1 keV or more, the inelastic scattering length is 
relatively large again arid we find ourselves in the regime of 
X-ray pbotoemission (XPS or ESCA, electron spectroscopy for 
chemical analysis). 
In XPS, the valence electrons are excited to a continuum 
of empty states with a large and free electron like state 
density function. So, X-ray pbotoemission spectra reflect 
the initial density of states, modulated by the transition 
matrix element. 
Ultraviolet pbotoemission spectra are essentially different 
in this respect: for weak final state damping they are deter­
mined by zhe energy distribution of the Joint density of 
states and furnish information about the energies and wave-
vectors of both initial and final states. 
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3.2.1. Method of measurement 
In order to determine the energy distribution of the emitted 
electrons we have applied the retarding potential method. 
(Eden, 1970). In figure 11 the principle of the method is 
shown. Monochromatic light (photon energy -βω) is incident onto 
the sample. The resulting pbotocnrrent I is received by a 
collector which is supplied with a negative voltage, V , with 
respect to the sample. Only those electrons with kinetic 
energy exceeding eV (e = electron charge) reach the collector. 
η 
By varying the retarding field one can obtain the current-
voltage characteristic of the sample-collector system. From 
this, information can be obtained about the kinetic energy of 
the emitted electrons. So, according to (2.17.), about the 
energy levels of the electrons involved in the optical transi­
tions. 
The proper energy distribution curve (see expression(2.19.)) 
is obtained by taking the derivative of the current-voltage 
characteristic with respect to the retarding voltage: 
ΟίΕ,ϋω) - - Ц - I 
R Ъш = constant (3.12.) 
This derivative can be measured directly by means of a modula­
tion technique: a relatively small ac voltage ν is super-
ac 
imposed on the retarding potential. Phase sensitive detection 
is then used for determining the first harmonic of the ac 
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Figure 11. Вавів system for determining energy distri­
bution curves by the retarding potential method 
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Figure 12. Capacitive balance circuit for direct determi­
nation of energy distribution curves (Eden, 1970) 
Transformer T: 17000 turns primary, 1000 turns 
half secondary 
Variable capacitor С : 5-150 pF continuously. 
component 1 of the photocurrent as a function of V . This 
aethod furnishes directly the desired energy distribution curves. 
An additional difficulty is caused by the fact that photo-
enission currents are very small (typically 10 - 10 
amperes). The modulating voltage ν produces a capacitive 
ас 
current between sample and collector, which can be some orders 
of magnitude larger than i . Thin undesired component is 
ac 
о 
90 out of phase with the emission current so it 
can be eliminated in principle by the phase sensitive detector. 
However, it may drive the detection system into saturation and 
prevent the use of the most sensitive ranges. As a 
consequence, it is important to eliminate this capacitive 
current. To this end, a bridge circuit was inserted into the 
detection system. This simple but effective circuit, which is 
originally due to Eden,(1970X is schematically shown in figure 
12. By means of a transformer with a center tapped secondary 
coil, the modulating ν is superimposed on the retarding 
voltage V . The ac voltages applied to the sample-collector 
л 
system and to the variable capacitor С are equal in magnitude 
ft 
о but 180 out of phase. С can be continuously varied between 5 R 
and 150 pF. By adjusting i t to equal the value of the capacity 
of the sample-collector system (= С ) ,one can achieve the 
sc 
capacitive currents through both condensors to cancel out each 
other. In practise, the bridge is nulled with the light source 
swltcbed-off. If subsequently light is Incident onto the sample, 
the input amplifier will detect the photoemission current only. 
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Further information is given in the text 
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Because of the high input impedance of the pico-
ашреге meter it is obvious that all insulators, used in the 
bridge circuit, must have extremely high leakage resistance. 
For that reason, the capacitor С was insulated with quartz. 
The insulation of collector and sample will be considered in 
section 3.2.4. 
3.2.2. Experimental equipment 
The block-scheme of the equipment, built by us, is shown in 
figure 13. The most important components will be considered in 
distinct sections. 
A commercial Hinteregger (1958) gas discharge lamp was used 
as light source. The discharge was accomplished in a quartz 
capillary filled with proper gas, by means of a current-stabi­
lized high voltage power supply. Hydrogen was used in our 
experiment since it provides a practically continuous discharge 
spectrum in the mnge 4 - 1 4 eV. 
By means of a 0.5 meter Seya-Namioka type vacuum monоchro­
mât or, a slightly diverging monochromatic light beam is obtained, 
the wavelength of which is continuously adjustable. The light 
is incident onto the sample which is mounted in an ultra-high 
vacuum system. 
_7 
Between the vacuum monochromator (pZ 10 torr) and the 
-10 
measuring chamber (p= 2x10 torr), a lithium fluoride window 
is installed. The transmission regime of LiF ranges from the 
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infrared up to about 11.5 eV. So the photoemission equipment 
covers a range from the workfunction of the sample (typically 
3-5 eV) up to the high energy LiF cutoff, 
The sample in the measuring cnamber is enclosed by a cylinder 
shaped metal collector. Two circle-shaped openings «ere made in 
it, enabling one to move the "in situ" evaporated sample into 
the collector and to let the light beam be incident onto the 
sample, 
By the bridge circuit, described in the preceeding section, 
the net photocurrent can be detected by a pico ampere meter. The 
ac component of the amplified signal is phase sensitive detected 
after a double-T filter has suppressed the 50 and 100 Hz 
components which are caused by disturbances from the mains, 
In order to record the demodulated signal from the phase 
sensitive detector, a C,A,T. (computer of average transients) 
was incorporated in the equipment. Primarily, this apparatus 
controls the retarding voltage in 400 discrete steps between 
two adjustable values V and V (see figure 14). The cascade 
D E 
shaped function, generated by the C.A.T., is supplied to the 
X-lnput of an XY-recorder. The voltage of the variable tap of 
the retransmission potentiometer, coupled to the X-movement of 
the recorder, corresponds to the retarding voltage „. 
к 
Eventually present noise, superimposed on V , is shorted by the 
η 
large capacitor С (= 10 uF). 
о 
A photoemission spectrum is stored in 400 chañáis, correspon-
ding to the Intervals in which the horizontal (V_-) coordinate 
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ia divided. The output signal of the phase sensitive detector 
is Integrated chanal by chanal during an adjustable period 
(typically 1 second per chanal).Afterwards, the resulting 
spectrum can be reproduced in a digital (paper tape punch) 
or analog (XY-recorder) manner. It is possible to repeat a 
particular measurement a number of times. By means of the 
C.A.T. the results of all these measurements can be added so 
that an improvement of the aignal-to-no-J-e ratio Is achieved 
It can easily be demonstrated that the applied detection 
circuit from figure 12, is not influenced by stray capacities 
originating from the transformer T, Stray capacities between 
collector or sample and earth can be of significance, to the 
effect that balance of the bridge will be obtained for C„ + С . 
η sc 
Furthermore these capacities can effect the frequency response of 
the picoampere meter. In order to keep the input capacity 
of the picoampere meter as small as possible and to avoid 
disturbances which are easily introduced by long conductors, 
its input amplifier was mounted against the ultra-high vacuum 
system together with the bridge circuit. This has the additio­
nal advantage that all components across the Input of the 
amplifier can be enclosed by a common galvanic shield. In 
practise the bridge appears to be balanced for С S 25 pF. 
η 
Then the tota l capacity across the input of the(Keithley 417 
feedbach-type)picoampere meter i s about 50 pF, corresponding 
-12 to a bandwidth of l e s s then 10 Hz when using the 10 ampere 
range. 
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3.2.3. Light source and monochrumator 
In figure 15, the Hinteregger discharge lamp is outlined as 
it was used by us as a source of ultraviolet radiation. The 
most important components are the air cooled cathode and the 
water cooled anode. The gas discharge is accomplished in a 
water cooled quartz capillary (diameter = 5 mm, length = 85 mm) 
by means of a current stabilized DC power supply which is ad-
justable from 0 to 500 mA. When the lamp is normally operated 
the current is stabilized to within 0.25%. The voltage between 
cathode and anode can vary between 200 and 2000 V, depending 
upon loading conditions. 
In the space enclosed by cathode, capillary and anode, 
hydrogen gas flows at a pressure of about 30 torr (starting the 
discharge requires pressures below 5 torr). The lamp is 
operated at a discharge current of 300 mA, corresponding to 
an anode-cathode voltage of 2 kV. By means of a regulating 
valve in front and the combination of a mechanical pump and 
a needle valve behind the lamp, a uniform gasflow can be obtai-
ned in the discharge space. 
The resulting ultraviolet light passes the entrance slit 
of the monochromator and is directly Incident onto a concave 
grating (1200 lines/mm, radius = 0.5 meter, reciprocal linear 
dispersion = 17 A/mm). For light of the adjusted wavelength, 
the grating produces an image of the entrance slit onto the 
exit slit. No use is made of other optical components which 
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might be detrimental to the intensity of the ultraviolet light 
beam. Due to the fact that the grating performs a rotation and 
a translation simultaneously (Seya-Namioka mounting), this 
image remains correct for all wavelengths. The monochromator 
-7 
is pumped down to about 10 torr by means of a 500 1/s oil-
diffusion pump, equiped with a water cooled baffle. This low 
pressure is important because the combination of a bad vacuum 
(especially oil vapours) and ultraviolet radiation can cause the 
grating to be subject to severe contamination. In order to 
maintain an adequate pressure in the monochromator a lithium 
fluoride window is mounted between its entrance slit and the 
discharge lamp. 
3.2.4. Ultra-high vacuum system 
In section 2.3.5. it has been emphasized that significant 
photo-emission results can only be obtained if ultra-high 
vacuum techniques are utilized. We have tried to reduce conta-
mination of the surface to a minimum by mounting the sample in 
the vacuum system which is schematically shown in figure 16. 
The bottom of a stainless steel measuring chamber is connec-
ted to a 1000 1/s evapor-lon pump (1). Without taking 
particular measures, the pressure in the chamber does 
—8 —9 
not get better than 10 - 10 torr. This is a consequence 
of the fact that balance is obtained between the removal of 
gas molecules to the ion pump and the supply by outgassing 
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Figure 16. Sahematia of the photoemieeion chamber 
(1) 1000 l/а е арог-гоп pump 
(2) high current feedthrough for connecting evapoirator with 
power supply 
(3) evaporator (tungsten or aluminium-oxide crucible) 
(4) collector can 
(5) lithium fluoride window 
(6) flange for bolting photoemission cha/riber to vacuum mono-
chromator 
(?) electric insulator 
(8) stainless steel dewar 
(9) electric insulator 
(10) linear motion feedthrough 
(11) flexible copper strip for cooling the substrate 
(12) pivot point (connected with a rotary motion feedthrough) 
(13) support arm 
(14) movable cylindrical shield 
(15) current feedthrough for measurement of the photocurrent 
(16) copper substrate 
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of tbe interior of the vacuun system. In order to quicken the 
outgassing, the vacuum system must be baked out before star­
ting the experiments. After a 24 hours bakeout at a temperature 
of 180 C, a pressure of 2 χ 10 torr can be achieved. 
Polycrystalline metal films were prepared "in situ" by 
thermal evaporation from tungsten or aluminium-oxide crucibles 
(3) onto a carefully polished copper substrate (16). In all 
cases, it appeared to be necessary to outgas the crucible 
with contents before the evaporation was actually started. 
Nevertheless, during the evaporations, the pressure rose to 
—8 —9 
values between 10 and 10 torr. 
Tbe evaporation source could be surrounded by a movable 
shield (14), in order to prevent the distinct components in 
the vacuum system from being covered by a metal film. This 
is of particular importance if toxic metals like thallium are 
evaporated. 
When the evaporation has been completed, the cylinder shaped 
shield can be pushed away by means of the feedtbrough (20). 
The sample can then be rotated into the collector by a second 
feedtbrough (12). 
With the special flange (6), the measuring chamber can be 
directly coupled to the vacuum monochromator. The monochromatic 
light beam is incident onto the sample surface after passing 
the lithium fluoride window (5) and the light opening in the 
collector (4). 
By means of a stainless steel dewar (8) both the sample and 
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the collector can be cooled to about 120 K. This dewar is 
constructud in such a way that sample and collector are 
electrically isolated with respect to each other and to ground 
(see figure 7), To this end, the quartz insulators (7) and 
(9) were used. Cooling down the sample and collector may 
influence the experimental photoemission spectra in certain 
cases (Lin et al, 1976)„ Mostly though, phonon scattering is 
negligible with respect to scattering by electron-electron 
interactions so lowering the temperature is hardly meaning-
full. Cooling down the substrate during the evaporation of a 
metal film may be important for obtaining good samples. This 
appeared to be the case with tin films (see section 6.2.). 
3.2.5. Collector-sample geometry 
By a retarding potential only that contribution to the 
kinetic energy can be resolved, which corresponds to the 
momentum component directed parallel to the electric field. 
For this reason the collector-sample geometry is very signi-
ficant. The ideal situation is that where a point emitter is sur-
rounded by a spherically symmetric field. In practise, errors 
will be introduced if the emitted electrons have a velocity 
component perpendicular to the electric field, for instance 
as a consequense of the finiteness of the emitter, deviations 
from spherical symmetry of the field or the presence of stray 
magnetic fields. 
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Figure 17, Cylindrical collector with орепіпдз for the 
monochromatic light beam and the substrate 
The light hole is covered with a molybdenum 
mesh (mesh width - 0.5 mm, wire diameter ·= 
0,1 mm) 
Both cylinder and mesh are coated with a 
gold layer 
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Distefano and Pierce (1970) have made a systematic analysis 
of the influence of these three factors on the resolution of 
spherical symmetric energy analyzers. They conclude that a 
relatively good analyzer is obtained if the sample is shielded 
by a spherical screen so that the non-ideal emitter is surroun-
ded by a field-free region. However, there are other factors, 
determining the resolution of an analyzer, like the effects 
of reverse photoemission, reflection of electrons by the 
collector and the non-uniformness of the workfunction of both 
sample- and collector-surfaces. (Distefano and Pierce, 1970). 
In practise, the resolution of the aboved mentioned screened-
emitter analyzer and simple cylindrical analyzers appears to 
be comparable. (Pierce and Spicer, 1972). For this reason, 
and for reasons of simplicity we have preferred the cylindri-
cal analyzer which is outlined in detail in figure 17. 
The copper cylinder is coated with a gold layer. The dia-
meter of the sample is somewhat larger than the diameter of 
the light beam near the sample. The size of the light opening 
was determined by the requirement that the light beam, 
reflected by the sample must be able to leave the collector 
uninterrupted. This way the influence of reverse photoemission 
is minimized as well as possible. To minimize the deviations 
from a cylindrical field, the light hole was covered with a 
gold coated molybdenum mesh (Krolikowski, 1967), (mesh width = 
0.5 mm, wire diameter = 0.1 mm). 
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3.2.6. Resolution and aignal-to-noise ratio. 
In addition to the energy analyzer, the experimental resolu­
tion is also determined by the amplitude of the modulating 
voltage ν (0.1 V rms) and by the bandwidth of the light 
leaving the monochromator (rising from 0.06 eV for Άω = 7 eV 
to 0.15 eV for *ω = 11 eV). An estimate of the total resolution 
can be obtained from the steepness of the high energy sides of 
the energy distribution curves, which correspond to the Fermi 
edge. For the geometry of figure 17, this provided a value of 
about 0.2 eV. 
The quality of photoemission spectra is also determined by the 
aignal-to-noise ratio. The most important noise sources in 
our equipment will be systematically considered in the remainder 
of this section. 
First of all we have to deal with noise in the photon flux 
which is principally caused by instabilities of the gas dis­
charge in the Hintereggerlamp. The high energetic Ions originating 
from the discharge, carry out a bombardment on the aluminium 
cathode surface. As time goes by tne cathode is covered with a 
thick, electrically isolating layer, causing these instabilities. 
After about 50 burning hours the cathode must be cleaned with 
a 15% HCl-10% HF solution, after which the discharge is stable 
again. A stably burning lamp does not contribute significantly 
to the total noise level. 
A second source of noise is a consequence of statistical 
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fluctuations in the photoemission process. Photon absorption 
and the resulting electron emission are statistical processes 
and as such they provide a fundamental noise contribution, 
The rms-expression for this so-called shot-noise is 
Δΐ = (2el Δί)* 
where I is the emission current and Λ f the bandwidth of the 
detection system (< 1 Hz)„ 
The major noise contribution is introduced by the feedback-
type picoamperemeter. Here we can make distinction between 
thermal noise, injected by the feedback resistor and noise, 
associated with voltage noise of the input stage of the 
amplifier. The rms-expression for thermal noise is 
ΔΙ = (4kT Δΐ/Η
ρ
)* 
where к is Boltzmann's constant and Τ the absolute temperature. 
7 
R_ is the feedback resistor of the picoamperemeter (10 Ω on 
F 
-7 12 -12 
the 10 ampere range, increasing to 10 ÇI on the 10 ampere 
range in decade steps). 
The thermal noise and shot-noise contributions are fundamen-
tal and determine the theoretical noise limit of the equipment. 
Any other noise sources can be eliminated in principle, e.q. 
the above mentioned voltage noise and external sources like 
mechanical vibrations and electric or electromagnetic stray-
fields. It is difficult to make a quantitative analysis of the 
effects of these last-named disturbances. Several measures were 
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taken to avert them, like the use of stiff electric conductors 
in the bridge circuit, mounting the input amplifier of the pico-
amperemeter directly against the measuring chamber and using 
substantial shielding at the high impedance side of the detec­
tion system. 
Measurements of the signal-rms noise ratio of the experimen­
tal energy distribution curves furnishes values between 50 
-11 -9 
(fib) = 11 eV, 10 ampere range) and 500 (-filo = 8 »V, 10 ampere 
range) with resolution in photon and electron energy as mentio­
ned above. Calcuations demonstrate that both shot-noise and 
thermal noise marginally contribute to the total noise level. 
The major source of noise is resulting from voltage noise asso­
ciated with the input stage of the amplifier and can be 
reduced by using a more elaborate and expensive means of 
current measurement. 
An improvement of the signal-to-noise ratio can easily be 
obtained by increasing the slit-width of the monochromator or 
the amplitude of the modulating voltage ν . However this will 
ac 
result in a deterioration of the resolut ion. At photon 
energies above 10 eV a particular measurement was repeated a 
number of times and averaged by means of the C.A.T., u n t i l i an 
accentable s ignul-to-noise rat io was obtained. 
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CHAPTER 1* 
Optical properties of single crystal thallium between 06 and 
5eV 
J H P Castelijns, J Ρ С M Dcrks and A R de Vroomen 
Fysisch Uibordtonum Katholieke Universiteit Niimegen The NetherUnds 
Received 4 Jul\ 1975 
Abstract. The optical constants of clean thallium single cr>sLlls have been determined 
in the energ\ range U6 to SOeV at room tenipcralure and .it SOK for polan/ahons 
parallel and perpendicular to the hexagonal axis The results are discussed in terms of 
diteci interband transitions with constant transition probabihu matrix elements The 
joint densin of states calculated from the band striiLlure of Holtham and Priestley (1971) 
predicts the experimentally observed structure m n/fj at Ы ι - 1 7eV , howeser at higher 
photon energies the resemblance between the calculated and experimental structure in 
the optical spectra is found to be rather poor 
1. Introduction 
The determination of the optical properties of solids provides important information 
concerning their electronic structure, the more so when the amsolropy of the dielectric 
constants is measured in the case of non-cubic crystals Previous work on the optical 
properties of thallium deals with experimental studies of evaporated polycrystalline 
films (Myers 1973. Arakawa et al 1966) 
In the present paper we report on the experimental determination of the dielectric 
constants of thallium single crystals under ultra-high vacuum conditions Since thal­
lium is a hexagonal metal, it has a complex dielectric tensor with two components. 
e and íL, for polarization parallel and perpendicular to the с axis respectively. 
Measurements of these components were made at room temperature and at 80 K. 
in the energy range 0 6 to 5 0 cV 
The optical spectra of light polyvalent metals can be understood mainly in terms 
of parallel band absorption (Ashcroft and Sturm 1971) and a direct connection can 
be made between the experimental data and some Fourier coefficients of the pseudo-
polential For a heavy metal like thallium (Z = 81 ) the eflects of spin- orbit interaction 
must be accounted for and the bandstructurc should be known throughout the whole 
Bnllouin zone in order to interpret the optical spectra 
Holtham and Priestley (1971) calculated the band structure along symmetry lines 
in the Bnllouin zone They used the relalivistic OPW scheme and obtained form 
factors of the pseudopotential from fits to the experimental Fermi surface geometry 
Therefore the resulting band structure may be accurate near the Fermi energy t , 
Comparison with optical data enables one to test the accuracy of the bands several 
electron volts above and below EF We have used the pseudopotential form factors 
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of Holthdm and Priestley in order to calculate the interband absorption of thallium 
in a way described by Ament and de Vroomen (1974) The experimental data are 
discussed on the basis of these calculations 
2. Experimental procedure 
The determination of the optical constants of thallium single crystals was carried 
out using an ellipsometry technique similar to that devised by Drude (1887) Plane 
polarized monochromatic light was incident to the reflecting sample surface at an 
oblique angle The parameters of the reflected elhptically polarized light were mea-
sured by a detection system consisting of an analyser and a photomultipher or a 
lead sulphide detector, according to the spectral range The incident light beam was 
chopped at 1100 Hz and phase sensitive detection was used 
The output signal of the lock-in was fed into a controller which had a number 
of functions First the signal was integrated during a selected time interval, displayed 
on a digital voltmeter and punched on paper tape Next, a stepping motor was 
driven, causing the analyser to rotate over 45', the new light intensity was measured. 
etc If after eight measurements (the analyser being back in its original position) 
it appeared that the signal tended to become too high (low) with respect to the 
optimum range of the detector system, it was attenuated (amplified) by a programable 
attenuator Finally the wavelength of the incident light was automatically advanced 
and a new measuring cycle was started 
The electric held vectors of the incident and reflected light can be decomposed 
into components parallel (p) and perpendicular (s) to the plane of incidence From 
these components, two complex reflectivities, Rp and R,, can be defined, the ratio 
of which is written 
RJRl, = l¡ini¡/exp(-i&) (1) 
where φ and Δ are obtained from the parameters of the reflected ellipse Fot an 
uniaxial anisotropic crystal like thallium, two wavelength scans have to be made, 
the с axis oriented parallel and perpendicular to the plane of incidence respectively 
The complex dielectric constants f ^  and e are obtained from the two sets of measure­
ments with the aid of equation (1) and the Drude formulae 
_ cos φ — (е
г
 — sin2 ΦΫ 2 
cos φ + (е
г
 — sin1 φ)1'1 
Я . ( e ^ , ) ' 2 cos » - f e - м п 2 » ) ' 2
 (Ъ 
р
 (е^)1 2 cos φ + (e,-sin2 φ)12 K> 
where φ is the angle of incidence and e,, ey and e. are the complex dielectric constants 
along the respective axes The xy and yz plane are assumed to correspond to the 
plane of incidence and the sample surface respectively 
Both polarizer and analyser were Gian prisms, mounted in graded circular scales 
which were accurate to within 0Ό5° During the measurements the polarizer remained 
in a fixed position at 45° with respect to the plane of incidence The discrete settings 
of the analyser had a reproducibility of a few hundredths of a degree Accurate 
alignment of the polarizer and analyser is necessary in ellipsometry experiments 
A fast and accurate method was used which enabled us to carry out the alignment 
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procedure with the sample m situ and with the equipment fixed in the measuring 
position (Castehjns 1974) 
As a check on the accuracy of the experimental equipment, the optical constants 
of a white tin single crystal were determined and compared with previous measure­
ments of Schwartz (1971) Agreement within 3% was obtained 
Upon exposure to air, thallium oxidates rapidly and heavily, so special care had 
to be taken in preparing the samples 
The thallium single crystals were grown by slowly cooling a thallium bar of 
99 9999% purity through the BCC-HCP transition at 503 К in a vacuum furnace (Eck­
stein et al 1966) They were cut by spark erosion with the hexagonal axis in the 
plane of the reflecting sample surface The crystals were etched to remove surface 
damages and χ rayed using a Laue back-rclìection technique, to determine the direc-
tion of the с axis Orientation of the с axis to withm + Io was obtained Afterwards, 
the crystals were chemically polished with a solution of 80% acetic acid and 20% 
hydrogen peroxide and stored in pure acetic acid to avoid oxidation Finally they 
were mounted in a nitrogen purged ultra-high vacuum system which was quickly 
evacuated After one day the pressure in the vacuum system reached a value of 
5 χ 10" 9 Torr A white opaque thallium acetate layer which remained at the sample 
surface could easily be removed by a slight heating of the specimen (N Windgassen, 
private communication) This procedure resulted in a shiny, well reflecting surface, 
although it was somewhat convex as a consequence of the polishing treatment. 
3. Results 
In figure 1 the quantity ω2Ϊ2 is plotted as a function of the photon energy Αω, 
for polarizations parallel (E||c) and perpendicular (£±i.·) to the hexagonal axis The 
experiment was performed on two distinct thallium crystals The position of the 
maxima and minima of the curves were exactly the same in both cases whereas 
Figure I. <u2f, as a function of photon energy and polarization 
(a) r = 80K,(h) T= 300K 
. E l r , Elle 
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their absolute values were consistent to within 3Ü0 The presented results were 
obtained by averaging the data of both specimens 
As can be seen comparing figure l(o) and I (ft) there is a strong temperature 
dependence of ore^ for both polarizations. As an effect of lowering the temperature 
the structure in the curves becomes more pronounced The broad low-energy peak 
for E Le which at room temperature is centred at 1 6cV splits up in a peak at 
I 35 eV and a shoulder at 1 75 eV Furthermore at low temperature a peak is found 
in the E'i с curve at 4 35cV. whereas only a broad shoulder is present at room tem­
perature at this energy 
Figure 1(a) shows that the strong peak at 1 35 eV is not present in the E с curve 
where only a small change in slope is seen at this energy Consequently, the weak 
shoulder at I 75 eV. seen in the Elc curve, appears now as a peak centred at І-7е 
Besides this, the structure at 2 55 and 44 eV is more pronounced for parallel polariza­
tion 
In figure 2. the low temperature data for the real part of the complex dielectric 
constant are shown for both polarizations Structure is seen at 1 1 eV for E l c and 
at 1 4 and 2 4eV for £|к· 
From the dielectric constants we have calculated the reflectance R with the rela­
tion 
and 
e, = ir - k-
(η
 г
_ [ ) 2 + к2 
(п+ I)2 + к2 
(3) 
(4) 
where »? and к are the real and imaginary part of the complex index of refraction 
respectively In figure 3 the low-temperature reflectance is shown for parallel and 
perpendicular polarization 
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Figure 2. The real pdrt of the dielectric constant ds a function of photon energy and 
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The optical absorption as measured by Myers (1973) on evaporated thallium films 
at 140 К under ultra-high vacuum conditions is depicted as «re, in figure 4 Our 
low-temperature results are consistent with these data to such an extent that the 
reflecting surfaces of our single crystal specimens safely can be regarded as to be 
clean and free from oxide layers 
4. Discussion 
The complex dielectric constant is assumed to be composed of two independent 
components which are due to intraband and interband transitions respectively. As 
the low energy limit of our experiment is near the threshold energy for interband 
transitions, we were not able to subtract the intraband background from the exper­
imental с/Г€2 curves. However, in interpreting the optical spectra in terms of interband 
ν 
г з 
ÄuteV) 
Figure 4. ÍJ2e2 as a function of photon energy for cvaporaled polycryslallinc films (after 
Myers 19721 
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transitions, this background may be neglected as it is structureless and relatively 
low over the major part of the energy interval 
Assuming only direct mterband transitions, the imaginary part of the complex 
dielectric constant can be written as 
oj1e2(w) = X M,fJiX (5) 
!<ƒ 
where J^ represents the partial joint density of states (joos) for bands indexed ι 
and / and M,f is the corresponding transition probability matrix element, which 
is assumed to be к independent The quantity J,f is completely determined by the 
band structure as shown by the relation 
J,f = (2n)-J jS{Ej{k) - EM - hw) dk (6) 
The integral is performed over those portions of the Bnllouin zone where £, < £ f < Ef, 
E, and £ƒ being the initial- and final-state energies respectively 
In order to obtain the JIJOS we have made a relativistic OPW calculation of the 
eight lowest energy eigenvalues at 126 к points which were regularly distributed 
within the irreducible part of the Bnllouin zone For this purpose we used the pseudo-
potentia.1 coefficients of Holtham and Priestley (1971), whose band structure along 
symmetry lines is reproduced in figure 5 In the calculation of the energy levels 
we have used an effective band mass approximation in order to account for the 
non-locality of the pseudopotential {m* = 0 82. Weairc 1967) The Bnllouin zone in­
tegrations of equation (6) were performed using the linear extrapolation method of 
Glial and Raubenhcimer (1966) in combination with an interpolation scheme as de­
scribed by Ament and dc Vroomen (1974) The constant matrix element approxima­
tion was improved by substracting the frce-electron-like component from the calcu­
lated partial jnos (Ameni and de Vroomen 1975) The results of the calculations 
of those partial JDOS. which are of major importance in the energy interval of interest, 
are displayed in figure 6 together with the total JDOS 
As can be seen by comparing the figures 1(a) and 6, the first peak in the calculated 
JDOS coincides well with the 1 7eV peak in the El с curve and the corresponding 
shoulder in the E l с curve. This peak is completely determined by J 3 4 , and the 
transitions contributing to it occur in a rather extended region in the Bnllouin zone 
near the symmetry point M The 1 35 eV peak in the E^c curve is not present 
Figure 5. The energy hand dugrdm of lhallium ds calcuUted by Hollhdm and Priestley 
<I97I] 
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Figure 6. The most relevant partial joint dcibities together with the total jóos The verti-
cal scale of the latter is shifted upwards h> one unit 
in the calculated JDOS and should be attributed to a polarization- and fc-dependent 
matrix element for transitions from the third to the fourth band near K. 
A striking feature of the calculated JDOS is the broad minimum around 3 eV. 
If we let this minimum correspond with the minimum in the (u2e2 curves at 3-65 eV, 
the interpretation of the remaining structure in the optical spectra is rather straight-
forward. 
The peak at 2-25 eV in the JDOS which is mainly resulting from J35 should then 
be responsible for the structure near 2-5 eV in the experimental spectra. Consequently 
this structure is a result of transitions near the line KH. Next we consider the two 
peaks in the JDOS at 40 and 4-4 eV. The first peak is likely to be associated with 
the structure at 4-4 eV in the ω2«, curves, and is caused by transitions from band 
3 to band 5 and 6, which again take place in extended regions near the lines ML 
and KH respectively. The 4-4 eV peak is not detected in our restricted experimental 
range, but could be responsible for the rise in the optical absorption at the high 
energy end of the E l с spectrum. It originates from transitions from the second 
to the fourth band near the centre of the plane ГМК. 
Unfortunately the deviations between the experimental and corresponding calcu­
lated spectra do not allow for an unambiguous interpretation of the optical spectra. 
Apparently, the Holtham and Priestley potential is unsuitable for the accurate deter­
mination of energy bands removed from the Fermi level. In view of this, an elaborate 
calculation of the transition probability matrix elements seemed not to be justified. 
5. Conclusions 
Using an ellipsometry technique we have been able to determine the optical constants 
of thallium single crystals for polarizations parallel and perpendicular to the hexa­
gonal crystallographic axis. Measurements have been made in the energy range 06-
5 eV, both at room temperature as well as at 80 K. Comparison of the experimental 
data with the results obtained by Myers on polycrystallme films, evaporated under 
ultra-high vacuum conditions, shows qualitative agreement, indicating that our sam­
ples may be regarded clean and free from oxide layers. 
! 4 
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A calculation of Ihc intcrband joint densitv of slates based on the band structure 
of Holtham and Priestley allows an unambiguous interpretation of the experimental 
data only for the structure at the low energy end of the spectrum. This indicates 
that a band structure calculation with pseudopotential coctTicienls fitted to experimen-
tal Fermi surface data may be accurate near £\ but becomes less reliable for energy 
levels several electron volts above and below the Fermi level 
The conclusion seems to be lustified that a better model of the potential is required 
for a good understanding of the optical spectra of thallium, as well as a calculation 
of the transition probability matrix elements. 
As a consequence of the rather low Debye temperature of thallium (OR = 78 K). 
the effect of thermal broadening on the optical structure may be expected to be 
rather high even at 80 К and it is desirable to carry out measurements at liquid 
helium temperatures. 
Acknowledgments 
We wish to express our gratitude to J Massink and R Bolmers for their technical 
assistance as to the experimental equipment. H Weycrs for growing and preparing 
the thallium crystals and M Ameni for putting at our disposal his computer programs 
for the band structure and joint density of states calculations. 
References 
Ameni M Г Л F and do Vroomcn A R 147-1 J Pin*. Ь Wcml P l m 4 1159 70 
1975 J Pin·. F Vi,;«/ Wii ν 5 
A r j k j u d F Τ Hamm R N Hanson W F and Jclmck Τ M 1966 Optical Propi'rtw*· um/ LU'LtroniL Slnntun.' 
ni \tvtal\ uiul If/on cd F Abeles (Amsterdam North-Holland) ρ 1K4 
Ashcroft N W and S l u m К 1971 Phis Ra В .1 1898 910 
C'aslcllins J H Ρ 1974 (/>;>/ Ojil 14 806 7 
Drude Ρ 1887 4im Pins. Lp: 32 617 21 
Fekslem Y Kellcison J В and Рпсчікл Μ ü 1966 Pins Rei 148 586 42 
Culai Ci and Rauhcnheimcr L J 1966 Plns Κ,·ι 144 190 5 
Hohham Ρ M and Pricsllct M Ci 1971 J P/m F WiTiW Pins I 621 .17 
MvursH Ρ 1971 J Pins F Metal Pins .1 1078 82 
Schiari/ H 1971 Pins Stat Stillili (W 44 601 II 
Weairc D 1967 Pint Plns Sm 92 956 61 
88 
CHAPTER 5 
ULTRAVIOLET PHOTOEMISSION STUDIES OF THALLIUM 
J.H.P. Castelijns and A.R. de Vroomen 
Fysisch Laboratorium 
Katholieke Universiteit 
Nijmegen, The Netherlands. 
Abstract 
Measurements of photoemitted electron distributions from 
thallium polycrystalline films are reported for photon energies 
in the range 7.0-10.5 eV. The results are interpreted in terms 
of the energy distribution of the joint density of states which 
was calculated from the band structure as obtained by Ament and 
de Vroomen (1977). This band structure is found to describe the 
experimental spectra quite satisfactorily. Evidence is found 
that the calculated s-derived valence bands should be lowered 
somewhat with respect to the Fermi level. 
Certain features in the experimental spectra can be assigned to 
emission from localised surface states. 
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5.1. Introduction 
The usefullness of electron spectroscopy techniques In 
studying the electronic properties of metals has been extensi-
vely demonstrated in the past decade. 
As far as electronic states within an interval of about 10 eV 
around the Fermi surface are considered, a wide contribution to 
our knowledge results from vacuum ultraviolet photoemission 
experiments. 
This paper reports the results of measurements and calcula-
tions of photoemission spectra of thallium in the photon energy 
range 7.0-10.5 eV. 
Thallium is a hexagonal close packed metal from the IIIA group 
2 
(atomic electron configuration 6s 6p). 
Most of the previous experimental Investigations in respect of 
its electronic structure deals with the Ferrai surface geometry 
(for references see Ishizawa and Datars, 1970)t Recently, also 
the optical properties have been determined for clean poly-
crystalline films (Myers, 1973) and single crystals (Castelijns 
et al, 1975). Ley et al (1972) have obtained X-ray photoemission 
spectra showing peaks at 0.80 and 4.90 eV below the high energy 
cut off, which originate from structure in the valence band 
density of states. 
Theoretical work consists of relativistic OPW-band structure 
calculations which were carried out by Soven (1965) and Holtham 
and Priestley (1971). 
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Recently, a relativistic APW-calculation was completed by 
Ament and de Vroomen (1977). 
For a proper understanding of the experimental photo-
emission spectra, it is important to know which optical excita-
tion processes take place inside the solid. Primarily, dis-
tinction is made between volume- and surface photoexcitation. 
The volume-process is often described with the so-called 
three-step model in which photoexcitation, transport to the 
surface and escape into the vacuum are considered as indepen-
dent events in the photoemisslon process. 
Furthermore, volume optical transitions can be described 
with a direct or a nondirect model. Nondirect transitions take 
place without conservation of electron wave vector k. Assuming 
constant optical dipole matrix elements, the photoelectron 
energy distribution curves will be proportional to the product 
of the initial and final density of states. 
If on the contrary, wave vector conservation is an important 
selection rule, the optical transitions will be direct and the 
experimental spectra must be interprétée1 in terms of the joint 
density of states. 
As a consequence of many-body effects, especially electron-
electron interactions, the inelastic scattering length of 
optically excited electrons can be relatively short (typically 
some tens of angstroms in the energy range of interest). Inelas-
tic scattering (with corresponding lifetime broadening and 
secondary electron emission) will modify the energy distribution 
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of the photoexcited electrons. 
As another complication, the photoemission process will be 
confined to a thin layer near the surface, and surface effects 
may then contribute to a large extend to the total spectrum. 
Surface photoemission is considered as an optical transition 
from a localized surface state to a free electron-like state 
outside the solid. It follows that the corresponding structure 
in the photemission spectra is determined by the surface local 
density of initial states, which in general is not known. 
The interpretation of the experimental spectra is based 
upon the assumption that photoemission is essentially a volume 
effect. The calculations of the distribution curves were per-
formed using the band-structure as obtained by Ament and de 
Vroomen, which is in good accord with experimental Fermi 
surface data and optical spectra. 
Both types of optical excitation models (i.e. direct and non-
direct) have been considered in our analysis, assuming constant 
dipole matrix elements. The effects of electron scattering, life-
time broadening and secondary electron emission as a conse-
quence of electron-electron interactions have been taken into 
account, as well as surface-escape effects. 
5.2. Experiment 
The photoemisbion experiments were performed with standard 
equipment. The combination of a Hinteregger hydrogen discharge 
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lamp and a 0.5 meter Seya-Namioka u l t rav io let monochromator 
provided monochromatic radiation in the energy interval 4-11 eV. 
The radiation was incident through a lithium fluoride window on 
the sample, which was s i tuated in an ultra-high vacuum chamber. 
-10 The base pressure in the vacuum system was 2 χ 10 torr. 
The samples were prepared by "in s i t u " evaporation of 
99.999% pure thallium from an aluminium-oxide crucible onto a 
polished copper substrate. Before evaporation was started, the 
crucible was outgassed for a few hours at a temperature some­
what above the melting point of thallium (576 K). During 
evaporation the pressure in the vacuum chamber stayed in the 
10 torr region. 
The energy analysis of the photoemitted electrons was per­
formed using the ordinary modulated retarding field technique 
(Eden, 1970), in combination with a cylindrical collector. 
The observed photoemission spectra did not change during the 
time required to complete the measurements (typically a few 
hours). Only after about 24 bnurs could significant changes in 
the structure be observed as a consequence of surface contami­
nation. 
5.3. Results and interpretation 
In order to obtain theoretical energy distribution curves 
over a broad range of photon energies, we have extended the re-
lativistic APW calculations of the thallium energy eigenvalues 
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Figure 1 
The thallium energy band diagram of Ament and de Vroomen (1977), 
extended to 11. S eV above E„ 
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Figure 2 
The density of states as obtained from a Monte Carlo calculation 
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as obtained by Ament and de Vroomen (1977) up to about 11.5 eV 
above the Fermi l e v e l . The calculat ions were carried out using 
the Gaspar-Kohn-Sham value (at = 2/3) for the exchange parameter 
in the crystal potent ia l . The energy eigenvalues were genera-
ted at 405 k-point which were regularly distributed within the 
irreducible part of the Bri l louin zone. In figure 1, the energy 
bands of thallium are represented along symmetry l i n e s . Figure 
2 shows the density of s t a t e s curve as calculated with a Monte 
5 -*• Carlo sampling of 10 k-points in the irreducible part of the 
Brillouin zone. 
Assuming that photoemission is a volume effect and crystal 
momentum is conserved during the optical transitions, the con­
tribution G(E(fiQj) of the unscattered electrons to the photo-
emission spectra can be expressed as (Janak et al, 1975) 
0(Ε,*ω) 'V1Zf/dkT(E,k)D(E1"k)|Mlf|2ô(Ef-E1- '6ω)δ(Ε-Ε1) (1) 
The integral is to be performed over those portions of the first 
Brillouin zone where E < E < E , E and E being the initlal-
and final-state energy respectively. M is the optical dipole 
matrix element which is assumed to be constant. 
In equation (1) the effects of surface transmission and electron 
transport are represented by T(E,k) and D(E,k) respectively. 
For the calculation of G(E, fku) both Τ and D were assumed to be 
k-independent. In that case they can be taken outside the 
integral and summation signs. The remaining factor represents 
the energy distribution of the joint density of states and was 
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obtained by a Honte Carlo sampling of about 10 points in the 
irreducible ~ part of the Brillouin zone. The transport 24 
factor «as calculated according to (Berglund and Spicer, 1964): 
D ( E )
 -
 1
 - ШГ
 1 η (
αΐ + 1-2αΐτ >
 ( 2 ) 
о о 
where Τ is defined further on. For the optical absorption 
о 
coefficient a, which is dependent on the photon energy ·6ω, we 
have used experimental values aa obtained by Arakawa et al (1966), 
In equation (2>, the mean free path for the excited electrons 1, 
was calculated from the bandstructure according to 
1(E)=
 ί" l^ kV^ I av ' τ(Ε> (3> 
where the group velocity of the excited electrons is averaged 
over all k-directions. Strickly speaking the k-independence of 
the group velocity Ihould be included. However, the effect of 
this is probably immaterial, since elastic scattering effects 
(electron-phonon Interactions for instance) will cause an 
averaging over k. The inelastic scattering lifetime τ was 
assumed to be completely originating from electron-electron 
interactions. It was calculated within the random k-approxima­
tion as described by Kane (1967). In this approximation, the 
matrix elements of the coulomb Interactions are taken to be 
k-lndependent. 
Then the electron lifetime is given by 
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g ΟίΕ,ϋω) (arbitrary units) 
Figure 3 
Measured (bold curves) and oalaulated ptiotoemiss-ùon s p e c t r a of thallium 
in the range 7.0<Рил<10.5 eV. The spectra are plotted with respect to the 
initial state energy. The calculations were based upon a direct optical 
transition model. The structure marked S is associated with emission 
from surface states. 
E 2E -E 
τ (E)=C ƒ dE' ƒ dE"N(E,)N(E")N(E+E"-E·) (4) 
F F 
where N(E) is the state-density function. 
The proportionality constant С was obtained by setting 1(E) = 
20 A at E-E =10 eV
=
 This value was obtained with an accuracy of 
± 50% from the experimental photoemission spectra. The surface 
transmission probability T(E,k) in equation (1) was approximated 
by the free electron expression (Berglund and Spicer, 1964) 
Ε , 
T(E,k) = Τ (E) = Hl-( F ^ e ^ ) } (5) 
Ο £ι 
where the workfunction e0 = 3.9 ± 0.1 eV as estimated from the 
width of the experimental spectra. 
To include lifetime broading effects, the calculated photo-
emission spectra was convoluted with an energy dependent 
Lorentzian function with width at half maximum equal to t/T (E). 
Finally the emission spectra of the scattered electrons were 
calculated according to the expression given by Berglund and 
Spicer (1964), with the difference that their formula was 
applied repeatedly in order to include the contributions of 
multiple scattered electrons. 
In figure 3 the experimental and calculated photoemission 
spectra are shown for some photon energies between 7.0 and 10.5 
eV. The resolution in the experimental spetra was about 0.2 eV 
while the photon energies were accurate to within 0.1 eV. The 
resolution in the theoretical curves was taken to be 0.1 eV, 
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irrespective of lifetime broadening. 
At low photon energies, the agreement between experiment and 
theory in respect of the energetic location of the distinct 
pieces of structure is within the above defined uncertainties о 
The spectra are characterized by a single peak at - 0.1 eV and 
a shoulder at about - 2.0 eV. 
The peak is associated with transitions from the p-like initial 
states just below the Fermi level. The shoulder originates from 
transitions from the third and the fourth bands to the fifth and 
the sixth bands in a rather localised region near the symmetry 
point L. It disapears in the spectra for fiio> 8.5 eV as a conse­
quence of the wavevector conservation selection rule. 
For *ω> 8.0 eV a peak appears at the low energy side of the 
spectrum, which for higher photonenergies remains fixed at 
- 4.0 eV in the calculated spectra and at - 4.7 eV in the expe­
rimental ones. This structure is associated with the s-llke 
initial states from the first two bands. The experimental value 
is in rather good agreement with X-ray photoemission experiments 
of Ley et al (1972), who found the s-band peak located at 4.9 eV 
below the Fermi level. An explanation for the disagreement 
between experiment and theory has been given by Ament and de 
Vroomen (1977), who state that, in the α = 2/3 case, the influen­
ce of exchange is underestimated for the upper portion of the 
s-band, possibly due to admixture of d-character. 
From figure 3 it can be seen that as the photonenergy is 
increased, the amplitude of the p-peak decreases with respect to 
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Figure 4 
Сотратгзоп of the experimental photoemission spectra at 
Яш = 10.0 eV as obtained from a olean (bold curve) and a 
contaminated thallium film. The spectra were recorded 
within ten minutes of, and three days after, evaporation, 
respectively 
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the s-peako This is mainly due to the fact that high energy 
electrons are scattered more intensively than low energy ones, 
an effect which is accounted for by the transport factor D in 
equation 2. This effect is enhanced by the contribution of 
secondary electrons, which increases for increasing photon 
energy, 
In the calculated spectrum f or Ίίω =9.5 eV, a peak can be 
noticed at 2^2 eV below the Fermi level, which is associated 
with optical transitions from the third and fourth bands to 
the seventh and eighth bands near L. This peak however could 
not be observed experimentally. Probably this is due to the 
fact that the k-dependence of the optical dipole matrix ele­
ments M in equation (1) should be taken into account in the 
calculations. 
Another disagreement between theory and experiment is caused 
by the structure marked S, which was observed around - 3.1 eV 
for all photon energies. This structure is due to photoemission 
from initial states which are located in the energy gap between 
the s- and p-like valence bands, as can be seen from figure 2. 
As a consequence, it probably originates from surface states, 
which is consistent with the fact that its energetic position 
remains fixed when the photon energy is varied. Evidence for 
the assignment of structure S to transitions from surface 
states is also obtained by the observation that it exhibited 
strong sensitivity to surface contamination. 
In figure 4, a comparison is made of the photoemission spectra 
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from clean and contaminated thallium films for ίω = 10.0 eV. 
Apart from the low energy peak due to electrons which are in-
elastically scattered at the surface, the most striking effect 
of surface contamination is the disappearance of S. 
It has been argued by Doniach (1970) that the validity of 
a nondirect model for certain materials is connected with the 
appearance of flat occupied bands (for instance in d-band metals)о 
However, in materials with wide bands, such as aluminium (Koyama 
and Smith, 1970) and indium (Koyama and Spicer, 1971) the pre­
dictions of the direct and nondirect models are very similar. 
Therefore a 'comparison between the two models as applied to 
thallium was made. 
In the nondirect model, the energy distribution of the photo-
excited electrons is proportional to the product of the initial 
and final density of states, 
0(Ε,*ω) ^  Ν(Ε)Ν(Ε+*ω) (5) 
If electron transport and surface transmission are also consi­
dered, as well as the contribution of scattered electrons, one 
gets the curves displayed in figure 5. The results of the direct 
model are also shown for comparison. The similarity between the 
two models is striking. A comparison with figure 2 leads to the 
conclusion that, apart from some details, the energy distribu­
tion of the photoemitted electrons is mainly determined by 
structure in the initial density of states. 
104 
5.4 Summary and conclusions 
The aim of this photoemiseion study has been to investigate 
the electronic properties of thallium, and to provide a test of 
the applicability of direct and nondirect models for optical 
transitions in thallium. Experimental data were obtained with 
a standard modulated retarding field technique. 
In the photoemiseion spectra distinction can be made between 
the contributions of two main groups of electrons, originating 
respectively from p- and s-like valence states which are sepa-
rated by an energy gap. We have used the band structure as cal-
culated by Ament and de Vroomen (1977) in order to interpret 
the experimental spectra. Theoretical spectra include corrections 
due to electron transport and surface transmission, as well aa 
the contributions of inelastically scattered electrons. The 
agreement between theory and experiment is excellent for 
structure at the high energy side of the spectra, which results 
from photoemlsslon from the p-like states, just below the Fermi 
level. Emission from the s-like states results in a peak in the 
theoretical spectra at 4.0 eV below the Fermi level, whereas 
an experimental value of 4.7 eV was found. This latter value is 
in good agreement with X-ray photo-emission experiments of Ley 
et al (1972) who found the s-band peak located at 4.9 eV below 
the Fermi energy. This leads to the conclusion that the calcu-
lated s-bands should be located somewhat further below the Fermi 
level. This descrepancy has also been noticed by Ament and 
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de Vroomen, who Indicate that it is possibly due to the ad-
mixture of d-character in the s-bands and the corresponding 
sensitivity of these bands to the exchange parameter a. Calcu-
lations of the energy distributions based on the nondirect 
excitation model are also in good agreement with the experimen-
tal spectra, apart from the structure which is found at about 
2 eV below the Fermi surface at low photon energies. This 
structure disappears as the photon energy is increased, as a 
consequence of the k-vector conservation selection rule. 
Some features in the experimental spectra are due to emission 
from initial states lying in the gap between the s- and p-bands. 
It seems reasonable to associate this structure with photo-
emission from localised surface states. This hypothesis finds 
support both in the strong sensitivity of this structure to 
surface contamination, and in the fact that its position in the 
spectrum is independent of photon energy. 
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CHAPTER 6 
ULTHAVIOLET PHOTOEMISSION PROPERTIES OF METALLIC TIN 
J.H.P. Caetelijns, H.W.J.M. aan de Brugh and 
A.R. de Vroomen 
Fysisch Laboratorium 
Katholieke Universiteit 
Nijmegen, The Netherlands. 
Abstract 
Heasurements of the photoemitted electron distribution 
curves from polycrystalline metallic tin samples are reported 
for photon energies in the range 7.7 - 10.8 eV. The bandatruc-
ture as obtained by Ament and de Vroomen (1Θ74) is applied to a 
calculation of the photoemission spectra. The direct and non-
direct models for optical excitation between bulk electronic 
states are considered. 
Certain features In the experimental spectra can only be inter-
preted in terms of direct (k-conserving) transitions. 
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IS. 1. Introduction 
The electronic properties of metallic (white) tin have been 
studied extensively for many years. Its Fermi surface has been 
determined in detail by de Haas-van Aipben experiments of 
Stafleu and de Vroomen (1967) and of Craven and Stark (1968), 
and by radio frequency size effect measurements of Matthey 
et al (1974)L Optical data of evaporated polycrystalline films 
were obtained by Golovashkin and Hotulevich (1965), MacRae 
et al (1967) and Schwartz (1971). The latter author also 
determined the anisotropy of the optical properties of single 
crystals (body centered tetragonal structure). X-ray photo-
emission experiments were performed by Pollak et al (1972) and 
by Höchst et al (1976). 
Band structure calculations for white tin have been carried 
out by Welsz (1966), Stafleu and de Vroomen (1967) and Craven 
(1969). All of these were seml-emperlcal OPW calculations, to 
the effect that Fourier coefficients of the local pseudopoten-
tlal were obtained from fits to the experimental Fermi surface 
dimensions. Devillere et al (1974) have made a relativistic APW 
calculation based upon a muffin tin potential, the parameters 
of which were adjusted to radio frequency size effect data. 
An ab initio relativistic APW band structure calculation was 
recently performed by Ament and de Vroomen (1974), who obtained 
an excellent agreement with the experimental Fermi surface 
geometry. A calculation of the Imaginary part of the interband 
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dielectric constant also was in good accord with experiment 
(Ament and de Vroomen, 1975). 
In this paper we report the results of ultraviolet photo-
emission experiments on clean polycrystalline tin films, using 
photon energies in the range 7.7 - 10.8 eV. The experimental 
spectra are interpreted starting from the assumption that photo-
emission is a volume effect for which the so-called three step 
model is applicable (Fan, 1945, Berglund and Spicer 1964). In 
this model, the photoemission process is considered to consist 
of three independent events, namely optical excitation of the 
electrons in the bulk of the solid, transport of these electrons 
to the solid-vacuum interface, and escape across the surface 
potential barrier. In order to obtain theoretical photoemission 
spectra we have used the bandstructure of Ament and de Vroomen. 
For the calculations the momentum matrix elements of the optical 
transitions were assumed to be constant. A comparison has been 
made between the predictions of two available models for the 
optical excitation process inside a solid (i.e. direct and non-
direct models). In the direct model, the electron wavevector к 
is conserved during the optical transitions. As a consequence, 
the photoemission spectra can be related to the energy distri­
bution of the Joint density of states. In the alternative, non-
direct model wavevector conservation is not important and the 
photoemission distribution curves will be proportional to the 
product of Initial and final state densities. 
We also have made a comparison between our experimental 
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results and those obtained by Norris et al (1973) who have per­
formed photoemission studies of liquid tin samples. 
6.2. Experimental methods 
The photoelectron energy distr ibution curves were obtained 
by a modulated retarding f i e ld technique (Berglund and Spicer, 
1964 and Eden, 1970), using a cyl indrical analyzer. A divergent 
monochromatic l ight beam, originating from a Hinteregger hydro­
gen discharge lamp and a 0.5 meter Seya-Namloka monochromator, 
was incident upon the sample. 
The polycrysta l l ine films were prepared by thermal evapora­
tion of 99.999% pure t i n fron a tungsten crucible onto a polished 
copper substrate which was cooled to about 120 K, Before evapo­
ration was started, the crucible was outgassed. During evapora-
-10 tlon, the pressure in the vacuum chamber rose from 2 χ 10 
-g 
torr to about 5 χ 10 torr. The films obtained by this procedure 
were allowed to warm up to room-temperature. Experiments were 
then performed at room-temperature since subsequently lowering 
the temperature of the sample appeared to have no significant 
effect on the measured energy distribution curves. The experi­
mental spectra were all recorded within a few hours of evapora­
tion. Within this period no changes in the spectra as a function 
of time could be observed. 
It ha* to be emphasized that smooth and specular reflecting 
tin films were obtained only when the substrate was cooled down. 
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Evaporation onto a substrate at room-temperature resulted in 
diffuse reflecting surfaces. Under a microscope, these were 
found to exhibit a very irregular and rough profile. 
6.3. Results and Interpretation 
Our discussion is based on the assumption that the experi­
mentally recorded photoemlssion spectra reflect the bulk elec­
tronic properties of the sample. In that case, the familiar 
three step procedure (Berglund and Spicer, 1964) can be used 
as a model in terms of which the experiment can be interpreted. 
Within this model, distinction can be made between two types 
of optical excitation processes, namely direct and nondlrect 
transitions. In the direct model it is assumed that the electron 
wavevector к is conserved during the optical excitations. Then 
the energy distribution of the electrons excited by photons with 
energy *ω, can be written 
D(E,*to) ъ
 iZf B¿ dk δ(Βί-ϊ1-*ω) eCE-Ej) (1) 
where E and E refer to the initial and final atate energy 
respectively. In equation (1) it la assumed that the optical 
dlpole matrix element is independent of wavevector and band 
index. It is clear that the resulting photoemlssion spectrum is 
a reflection of bandstructure characteristics,to the effect that 
it depends on the energies of the electron states which are 
Involved in the optical transitions, as well as on their location 
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Figure 1 
The white tin energy band diagram of Ament and de Vroomen (1974), 
extended to about 11. S eV above the Fermi level 
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in the Brillouin zone. This is in contrast with the nondirect 
model where wavevector conservation is not important and the 
energy distribution of the photoexcited electrons is deter-
mined by the product of the initial and final density of 
states functions as can be seen from 
D(E,fiü)) ^  N (E)„Nf(E+fiw) (2) 
The applicability of the nondirect model has been connected with 
localisation of the excited hole (Doniach, 1970). As a result it 
caq be understood in metals with flat occupied bands. However, 
since also in metals with wide valence bands such as aluminium 
(Koyama and Smith, 1970) and indium (Koyama and Spicer, 1971), 
the experimental spectra could be interpreted in terms of non-
direct transitions, we have made a comparison between the two 
models as applied to white tin. 
Both the energy distribution of the joint density of states 
in equation (1) and the density of states in equation (2) were 
calculated with a Monte Carlo sampling of 1СГ k-points in the 
irreducible part of the Brillouin zone. The crystal potential 
as constructed by Ament and de Vroomen (1974) was used to per­
form a relativistic APW-calculation of the white tin energy 
-• 
eigenvalues in 405 k-points on a regular three dimensional mesh. 
Lagrange interpolation was then used to obtain eigenvalues at 
the random k-points. 
In figure 1, the bandstructure of Ament and de Vroomen i s 
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Figure 2 
The density of states as obtained by a Monte Carlo calculation, 
(histogram) and the X-ray photoemission valence band spectrum of 
white tin (van Attekum, private communication) 
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displayed along symetry lines. Figure 2 shows the correspon-
ding density of states. 
Also included in this figure are the results of X-ray photo-
emission experiaents, as performed by van Attekum (private 
communication) on polycrystalllne samples. As in principle 
X-ray photoemlsslon spectra reflect the density of initial 
states (modified by transition matrix-elements) one can compare 
both figures and conclude that the main features in the theore-
tical spectrum are also found experimentally at the correct 
energy (±0.1 eV, which is about the experimental error). 
This is an indication of the reliability of the bandstructure 
when it is used for calculating ultra violet photoemlsslon spec-
tra. 
In order to obtain theoretical energy distribution curves, 
the effects of electron scattering, lifetime broadening and 
secundary electron emission as a consequence of electron-electron 
interactions have been taken into account, as well as surface-
escape effects. The procedure that was followed to Include all 
these effects is described in a previous publication (Castelijns 
and de Vrooaen, 1977). Here it suffices to mention that the work-
function, necessary to calculate the surface escape probability, 
was taken to be 4.2 i 0.1 eV, as estimated from the width of 
the experimental spectra. Furthermore, an unknown proportionality 
constant, appearing in the expression for the lifetime of the 
excited electrons, was obtained by estimating their mean free 
path 1(E) = 25 X (± 50%) at E-E_ = 10 eV. 
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Figure 3 ENERGY leV I 
Experimental (bold aiaves) and calculated photoemiesion spectra of white 
tin in the range 7.7<пы<10.8 eV. The thin solid and the dashed curves 
correspond to the direct and the nondireat optical transition models 
respectively. The spectra are plotted with respect to the initial state 
energy. 
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In figure 3, the experimental photoemission curves are dis­
played and compared with theory. The experimental resolution 
is about 0.2 eV. Photon energies are accurate to within 0.1 eV. 
The theoretical resolution was taken to be 0.1 eV. irresoective 
of lifetime broadening. 
For high photon energies three main features can be distin­
guished in the experimental spectra. First of all there is a 
peak, located around 1.6 eV below the Fermi edge. Its energetic 
position remains approximately constant as the photon energy is 
varied. This structure is predicted by both the direct and the 
nondirect model at the correct energy. The discrepancy between 
experiment and direct transition theory for *ω = 7.7 eV is 
believed to be due to shortcomings of the constant matrix ele­
ment approximation. Within the direct model one can localise 
the optical transitions to certain regions in the Brillouin zone. 
In the spectrum for-Ью = 10.80 eV, the 1.6 eV peak is associated 
with transitions from the fourth band near the symmetry point V. 
For lower photon energies, transitions from the third band 
near the piare ΓχΡ also cause a considerable contribution to 
this peak. 
Structure can also be seen in the spectrum for fim = 10.В eV 
around -3,5 eV. When the photon energy is lowered, it continuous­
ly shifts towards the Fermi edge, while for ί>ω = 9.8 eV it has 
disappeared from the experimental spectra. This behaviour is 
characteristic of direct transitions. 
Consequently,the direct model furnishes the best agreement with 
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Figure 4 
Сотраггвоп between the photoemiesion curvee 
of solid Sn (solid curves) and liquid Sn 
(dashed curves) for some photon energies. 
The liquid tin results were obtained by 
Harris et al (1973) 
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Figure S 
Comparison between the photoemission curves 
as obtained from a tin film with a smooth 
surface (solid curve) and. a rough surface 
(dashed curve), for fuù - 10.24 eV 
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experiment. The alternative nondirect model predicts a peak at 
the correct energy (-Зоб eV) but it remains at this position 
for all photon energies. The observed structure can be assigned 
to transitions from the third band, which for high photon ener­
gies occur mainly near P. For lower photon energies it also con­
tains contributions from rather extended regions near H and the 
rXL-plane. 
Finally, we will discuss the peak at the low energy side of 
the spectra, for which both direct and nondirect models are again 
in agreement with experiment. It originates mainly from optical 
transitions from the second band near the symmetry line HP and 
the center of the irreducible Brillouin zone. Its magnitude is 
in part determined by the combined effect of the surface escape 
function and secondary electrons. 
We have compared our photonemission spectra with those 
obtained from liquid tin by Norris et al (1973). From figure 4, 
a qualitative agreement between both experimental results is 
evident: the spectra are qualitatively similar but there are 
substantial differences in the position of the distinct features. 
However, the most interesting distinction is furnished by the 
observation that the structure in the liquid tin spectra remains 
at fixed positions for different photon energies. This holds 
especially for the peak marked A which corresponds to A' in our 
spectra. Since the position of the latter is a function of 
photon energy, as a consequence of the k-vector conservation 
rule, it is obvious that the concept of direct interband 
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transitions ceases to be applicable in liquid tin. This is 
consistent with the fact that к is not a good quantum number 
with which to characterise electronic states in disordered sys­
tems. 
The influence of surface photoemission has been neglected 
in the discussion so far. This is justified by the fact that 
->•->· 2 
the surface photoelectric yield is proportional to (e.n) , 
where e is the polarization vector of the incident light and η 
is the surface normal (Mahал, 1970 and Feuerbacher and Fitton, 
1974). When normally incident light is used, which is nearly 
the situation in our experiment, the contribution of surface 
emission is expected to be small for samples with a smooth 
surface. However, for rough surfaces one has to be prepared for 
the possibility of emission by the surface effect. Figure 5 
shows a photoemission spectrum from a white tin film with a 
rough surface, which was obtained by evaporation onto a sub­
strate at room-temperature. For comparison, the corresponding 
spectrum from a smooth film is also displayed. The most striking 
effect of surface roughness is the appearance of the additional 
structure S, which is located around -4.1 eV for all photon 
energies. This structure can not be understood in terms of 
optical transitions between bulk electronic states, since both 
the direct and the nondirect model predict a broad minimum at 
this energy. On the ground of the arguments mentioned above it 
seems plausible that S can be assigned to photoemission from 
localised surface states. 
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6.4. Summary and Conclusions 
The electronic properties of white tin have been investigated 
by performing ultraviolet photoemission experiments on poly-
crystalline samples with the modulated retarding field technique. 
Good white tin samples were obtained by thermal evaporation onto 
a cooled substrate, which was subsequently allowed to warm up 
to room-temperature. Experimental spectra were recorded for 
photon energies in the range 7.7 - 10.8 eV. The interpretation 
was based upon the assumption that the photoemission data 
reflect the bulk electronic properties of the sample. The crystal 
potential as generated by Ament and de Vroomen (1974) was used 
to calculate the white tin energy eigenvalues up to about 12 eV 
above the Fermi level. From this bandstructure, theoretical 
energy distributions for some photon energies were derived by a 
Monte Carlo sampling of the irreducible Brillouin zone. 
Calculations were performed for the nondirect as well as the 
direct model, assuming constant optical dipole matrix elements. 
The effects of inelastic scattering, as a consequence of 
electron-electron interactions, have also been taken into 
account. 
The agreement between theory and experiment is satisfactory. 
Both the direct and nondirect model explain the main features 
of the experimental spectra. However, evidence is found that 
certain details in the spectra can only be assigned to direct 
(k-conserving) interband transitions. In this connection it is 
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interesting to compare our experimental spectra with those ob-
tained by Norris et al (1973) from liquid tin. There exists 
qualitative agreement in the profile of the spectra from both 
experiments » However, in the liquid case there are no indications 
of the occurrence of direct transitions. This is a consequence 
of the fact that, in a disordered system such as a liquid metal, 
-»• 
the electronic states cannot be characterised by an E(k) dis-
- » • 
persion relation. Thus, the concept of k-conserving optical 
transitions is not applicable. 
We have also performed measurements on rough tin films which 
were obtained by evaporation onto substrates at room-tempera-
ture. In the spectra from these samples, strong additional 
structure could be observed which perhaps has to be assigned to 
emission from surface states. 
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CHAPTER 7 
OPTICAL PROPERTIES OF PALLADIUM-
ANTIMONIDE AND GOLD-TIN. 
The NIAs structure consists of a close packed hexagonal 
anion sublattice with cations in the Interstices, forming a 
simple htAagonal sublattice. Substances possesing the NiAs-
type of structure are mainly found among the 3d-transition 
metal pnictides and dichalcogenides (Goodenough, 1963). Apart 
from the fact that they are isomorphic, these compounds are 
interesting because a wide variety of electrical and magneti-
ca! behavlor is encountered in them. Often this can be con-
nected with the partially filled d-shells of the cations. In 
that sense these materials resemble the transition metals 
themselves. 
Nowadays the behavior of the valence electrons in transition 
metals is understood to a high degree and Increasing research 
activities in the transition metal compounds can be observed 
(Shepherd and Williams, 1974, Allen and Mikkelsen, 1977). 
Questions as to whether the d-bands are completely occupied 
or extend through the Fermi surface, the character of the 
states: are the d-electrons localised or Itinerant and are 
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their states enerßetically isolated or overlapped by other 
states, are of primary importance. 
The metallic compounds EdSt and AuSn are members of the NiAs 
class of materials, having uncertainties with regard to the 
character and location of the d-states in common with other 
transition metals compounds. 
In the past, several attempts have been made to interpret 
the physical properties of particular transition metal com-
pounds from the NiAs series in terms of an appropriate band 
modele Menyuk et al (1969)have proposed an ionic bonding model 
to explain the magnetic properties of MnAs. The essential 
features of their model are a filled s-p bonding (valence) band 
and an empty s-p antibonding (conduction) band. The № 3d-
states are situated in the energy gap between the bonding and 
antibonding bands and intersect the Fermi level„ 
Applying this model to PdSb and AuSn would mean that the 
d bands (Pd 4d and An 5d) are occupied with 7 electrons. 
Since both materials are metallic, an Itinerant character of 
these d-states would be implied,, As a result of the small 
d-bandwidth, inherent to ionic bondings one would expect 
strong magnetic behavior in these compounds. However, both 
PdSb and AuSn are diamagnetic (Jan et al. 1963 and Perenboom, 
private communication). 
More likely is a model in which the nature of the bonding 
is supposed to be metallic. Recently such a model was applied 
to the 3d-transition metal monoantimonides (Allen and Stutius, 
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1976)о The model starts from the assumption that the Fermi level 
Is situated in a region where the narrow metal 3d bands coincide 
and hybridize with the broad antimonide 5p baud. The metallic 
character of these compounds then doesn't require itinerant 
d electrons although this is suggested by the noninteger 
magnetic moment per ion observed in a number of these 3d metal-
antimonide systems. With this model some observed tendencies 
can be elucidated from the fact in the sequence from Ti to Ni 
the number of 3d electrons increases. Especially the diamegnetic 
behavior and the absence of intense infrared absorption in 
NiSb suggest a completely filled d band in this compound 
(Allen and Mikkelsen, 1977). In atomic Pd and Au the 4d res­
pectively 5d levels are occupied with 10 electrons; it seems 
likely that in PdSb and AuSn the d bands are considerably 
further below the Fermi level than in the above mentioned 
transition metal compounds„ In any case this is consistent with 
the diamagnetism observed.in both substances. 
In order to investigate the applicability to PdSb and AuSn 
of this model, we have determined the optical constants of 
both compounds by means of elllpsometry in the photon energy 
range 0.5 - 5.0 eV. The details of the experimental equipment 
have been dealt with elsewhere (Castel!jns et al, 1975). The 
samples were situated in an ultra-high vacuum chamber with a 
-9 
base pressure of 10 torr. Clean polycrystalline films of 
PdSb and AuSn were obtained by "in situ" flash evaporation of 
the stochiometric substances from a molybdenum boat onto a 
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quartz substrate. It appeared to be unnecessary to anneal the 
films obtained this way« Heating the PdSb film to temperatures 
above 400 К caused drastic changes in the observed spectra, 
Probably this is a consequence of migration of one of the com­
ponents towards the surface. During the evaporations the 
-7 
pressure in the vacuum system increased to approximately 10 
torr„ 
The compounds were prepared by melting together the distinct 
components in vacuum. By means of a Bridgeman technique PdSb 
single crystals were grown, which were of sufficient size to 
carry out optical experiments. For this reason, the anisotropy 
in the optical properties of PdSb could be determined, utili­
zing the method described by Castel!jns et al (1975); Single 
crystalline samples with the anisotropy (c-)axis parallel to 
the reflecting surface were cut by spark erosion. The direc­
tion of the c-axis was determined by Laue back-reflection. 
Immediately before the crystal was mounted in the measuring 
chamber, its reflecting surface was carefully mechanically 
polished, finishing with lu diamond powder, 
2 
In figure 1 the quantity ω ε (ω) is displayed as a function 
of the photon energy ΐιω, for polycrystalline PdSb and AuSn 
films. Figure 2 shows this quantity for polarizations parallel 
(E// с) and perpendicular (Eie) to the hexagonal axis of a PdSb 
single crystal. The corresponding reflectivities are represented 
in the figures 3 and 4.All measurements have been carried out 
at room temperature. Lowering the temperature of the samples 
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to 120 К appeared to have no observable effect. At this stage 
2 
It is interesting to compare the ω ε spectra of polycrystalline 
and single crystalline PdSb. Both spectra are consistent with 
each other to the effect that the rough shape and the location 
of the distinct pieces of structure is the same in both cases. 
However, the structure in the spectrum of polycrystalline PdSb 
is more pronounced and the absolute value of the quantity 
2 
ω ε is considerably larger. Obviously this is related to the 
non-ideality of the single crystal surfaces, as a consequence 
of the polishing treatment and impurity adsorption, 
2 
From figure 1 the agreement between the ω ε spectra of 
PdSb and AuSn is striking: both spectra have a peak near 
>6ω = 2 eV, a broad minimum around 2,5 eV and a steep incline 
at the high energy side. In the AuSn spectrum a pair of small 
bumps can be noticed near iu) = 4 eV while in the PdSb spectrum 
only a shoulder is visible at this energy. It seems reasonable 
to attribute the sharp increase of the optical absorption, 
which for PdSb and AuSn sets in at 3 and 4.5 eV respectively, 
to excitation of d band electrons. Because of the high density 
of d levels, the optical transition probability will become 
large if the photon energy exceeds the threshold energy for 
excitation of d electrons to empty states just above the Fermi 
level. Consequently one has a direct measure for the distance 
between the top of the d bands and the states just above E„. 
F 
(Analogous situations are encountered in the noble metals; 
see Hummel, 1971). 
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Within the framework of the model described above one arrives 
at the following conclusions, 
In AuSn the top of the d band is situated at 4,5 eV below the 
Fermi level. Structure in the optical spectra at lower photon 
energies originates from transitions from the SnSp-derived 
states» Obviously in PdSb tbe d band finds itself closer to the 
Fermi level since at photon energies of 3 eV and above a con­
tinuous increase in the optical absorption can be observed. In 
AuSn the electron states have maintained their ρ character at 
an energy of 4 eV below Ε , whereas in PdSb at this energy the 
F 
ρ states are probably hybridized with 4d states. The clear dis­
tinction between the 4 eV shoulder in the PdSb spectrum and 
the corresponding bumps in the AuSn spectrum might be a reflec­
tion of this. 
In any case, the character of the electrons near the Fermi 
level is mainly determined by SbSp derived states in PdSb and 
Sn 5p derived states in AuSn. 
The results of the optical measurements are consistent with 
data, obtained by means of X-ray photoemission experiments on 
polycrystalline samples (P. van Attekum, private communication). 
The XPS-spectra of AuSn and PdSb demonstrate very Intense peaks 
respectively at 5.1 and 3.3 eV below the Fermi edge. These 
peaks are a reflection of the high density of states inherent 
to d states. At the high kinetic energy side of the peaks, a 
shoulder can be noticed in both cases, which blends into the 
Fermi edge. These shoulders originate from p-like states and as 
133 
a consequence their intensity is relatively low» 
Also interesting is a comparison with de Haas-van Alphen 
data which have been obtained by Coenen et al (1975) on PdSb 
and by Edwards et al (1969) on AuSn, It appears that the Fermi 
surfaces of both compounds can be described in terms of a 
N.FoE. model. Obviously the electrons near the Fermi level are 
free-electron like and in all probability are originating from 
atomic ρ states. 
In summary one can conlude that the energy level model which 
has been applied to the 3d transition metal pnictides by Allen 
and Stutius (1976), is also applicable to the metallic com­
pounds PdSb and AuSn.The results of optical experiments suggest 
that the d bands in both compounds are located relatively far 
below the Fermi level. The results of XPS and de Haas-van 
Alphen experiments are in agreement with this. 
Of course the used qualitative band structure model is a 
rather rough one. For a thorough interpretation of the 
optical spectra in which transitions can be assigned to certain 
band pairs and certain regions in the Brillouin zone, a band-
structure calculation is absolutely necessary. Then it will 
probably appear possible to elucidate the anisotropy in the 
optical constants of PdSb. 
We are indepted to P. van Attekum for putting available the re­
sults of XPS-experiments on PdSb and AuSn prior to publication, 
and to J. Perenboom for performing magnetisation measurements 
on PdSb. 
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Appendix 
Improved Method for Azimuthal Alignment in 
Ellipsometry 
J H P Castelijns 
Fysisch Laboratorimn, Katholieke Universiteit, Nijmeg­
en, The Netherlands 
Received 4 November 1974 " 
The correct determination of the polarizer and analyzer 
azimuths with respect to the plane of incidence turned out 
to be very important in ellipsometry experiments ' Among 
the several methods for achieving this, the one proposed by 
Steel proves to be very practical2 However, in this meth­
od an uncertainty is introduced by the fact that the relative 
position of the polarizer and analyzer has to be determined 
m a straight through position, with the specimen removed 
This Letter describes an extension of Steel's method that 
enables us to carry out the complete alignment with the 
specimen m situ and the equipment fixed in the measuring 
position An accuracy within a few hundredths of a degree 
in setting the analyzer and the polarizer is attainable We 
consider a system consisting of a polarizer, a reflecting sur 
face, and an analyzer and define 
f л = VA' + Ь
А 
Фр - ψρ" * Ър 
5 = ЬА - ар, (1) 
where *
л
" and φρ" are the assumed values of the azimuths 
taken with respect to the plane of incidence and set at the 
graded scales on the polarizer holders The values vA' and 
φ^' differ from the true values ΨΑ and i^ p by amounts йл 
and òp, respectively The expression for the intensity of 
the light leaving the analyzer is given by' 
Ι(φ
Λ
 Cp) = /„(cosVj, cosVp + p2 sm'iPt sinVj. 
+ '/¡p cosA sin 2φ
λ
 sin 2<fip), (2 
where ρ is the ratio of the reflectivities for the s and ρ po 
lanzation components and Δ their relative phase differ 
enee It can be shown that for small &л and δρ 
к
 2 /('/> + 5Л. '/47Г + 6p) 
li /(δ
Λ
. V f δρ) 
__ гб
л
(рг - ρ COSA) + рг(1 + 25) 
~ 24
Λ
(-1 + ρ COSA) + 1 - 2 0 · < 3 ' 
I¿ _ П
 г
іі <- 6
Λ
. - У4п + Ьр) 
Λ' /(δ
Α
. - 'Ля + δ
ρ
) 
^ 2б
л
(-р 2 + ρ COSA) + ρ2(1 - 25) 
2о
л
(\ - ρ COSA) + 1 + 25 ' 
The ratios /г/Л and /г'/Л' can be measured as functions 
of &A, leaving the value of S unaltered In this way, two 
curves are obtained, with the point of intersection given by 
Sj = 6-C, (5) 
where 
ρ cosA + cosA - 2p 
In general, ä, will be wavelength dependent because ρ 
and Λ are so as well Performance of the measurements at 
two distinct wavelengths, λ ι and A¿, will yield two points of 
intersection ba and b,¿, respectively, their separation being 
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»•(C, - Cj) (6) 
If the meaaurementa ere repeated at the aame two wave-
len^tha after increaaing the value of S by a certain amount 
66, again two pointa of intersection are found, &,)' and 6,2', 
separated by 
(β + МКС, - Ct). (7) 
Equations (6) and (7) can be solved for the quantity 6, thua 
yielding the relative position of the polarizer and analyzer 
The alignment procedure aa proposed by Steel can now be 
earned out Thia implies selling 6 equal to zero and then 
making a new plot of the ratios / ¡ /Л and /JV/J' as func-
tiona of 4,4 
It followa from Eq (5) that now the point of intersection 
is found at the same locus for any wavelength, therefore 
giving the true value of the analyzer azimuth 
Figure 1 represents the application of the above de­
scribed procedure using the eipenmental data from a 
white tin тпопоегувЫ Needless to say, once the telaliv« 
position of the polarizer and analyzer haa been accurately 
determined, the meaaurementa as in Fig 1(a) and 1(b) do 
not have to be repeated if a new specimen is mounted 
The author wishes to acknowledge useful discussions 
with professor A R de Vroomen during this work 
R«f«r«ncM 
1 M .1 Dignam and M MnehoviU Appi OpL S. 1868 (1970t 
This reference alno оГГега an m situ alignment procedure 
2 M R Steel.Appl Opt 10. 2170 (1971) 
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SAMENVATTING 
De fysische eigenschappen van metalen worden voor een belangrijk 
deel bepaald door het gedrag van de valentie electronen. Optische 
experimenten leveren een essentiële bijdrage tot de kennis ten 
aanzien van deze electronen. 
Dit proefschrift beschrijft een tweetal experimenten, te weten 
ellipsometrie en fotoemissie, met behulp waarvan de optische 
excitatie spectra van metalen en metallische compounds gemeten 
kunnen worden. 
Met behulp van ellipsometrie kan de dielectrische tensor van 
een sample bepaald worden. Deze grootheid is afhankelijk van 
de energie-verschillen tussen de electron-toestanden die bij 
de optische overgangen betrokken zijn. 
We beschrijven de opstelling die het mogelijk maakt de dielek-
trische constanten van zowel polykristallijne als eehkristal-
lijne materie te bepalen in een fotonenergie gebied van 0.5 
tot 5 eV. Experimenten werden uitgevoerd aan eenkristallijn 
thallium. De resultaten worden beschouwd in termen van directe 
interband overgangen met constante optische matrix elementen. 
De joint density of states zoals berekend uit de bandstructuur 
van Holtham en Priestley is in overeenstemming met de experimen-
tele spectra voor lage photon energieën (<іш<2е ). Voor hogere 
energieën blijkt de overeenkomst minder goed te zijn. 
Experimenten werden ook uitgevoerd aan de geordende compounds 
PdSb en AuSn, waarvan schone polykristallijne films verkregen 
werden door middel van "in situ" flash verdamping. 
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De resultaten van de experimenten suggereren dat de d-banden in 
beide compounds zich relatief ver onder het Fermi niveau bevinden 
(3 eV in PdSb en k.3 eV in AuSn). Dit is in overeenstemming met 
de Haas-van Alphen en XPS experimenten. 
Fotoemissie experimenten leveren extra informatie in die zin dat 
de eindtoestands-energieën van de bij de optische overgang betrok-
ken electronen expliciet gemeten worden. Met onze opstelling 
kunnen fotoemissie spectra bepaald worden in het foton energie 
gebied van 1* tot 11 eV. Experimenten werden uitgevoerd aan schone 
polykristallijne thallium en tin films. De experimentele spectra 
werden geïnterpreteerd door middel van een model waarin de optische 
excitatie van de valentie electronen, hun transport naar het sample 
oppervlak en emissie naar het vakuum als afzonderlijke stappen in 
het fotoemissie proces beschouwd worden. 
Thallium 
De resultaten worden geïnterpreteerd in termen van de bandstruc-
tuur van Ament en de Vroomen. Deze bandstructuur beschrijft de 
experimentele spectra bevredigend. Er zijn aanwijzigingen dat de 
afstand van de бэ valentie toestanden tot het Fermi niveau enig-
zins groter is dan de berekende waarden. Bepaalde struktuur in 
de experimentele spectra kan toegeschreven worden aan emissie 
vanuit gelocaliseerde oppervlakte toestanden. 
Tin 
De bandstructuur van Ament en de Vroomen wordt gebruikt voor een 
berekening van de fotoemissie spectra. Ook hier is de overeen­
komst tussen theorie en experiment bevredigend. 
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Stellingen. 
1. ben rcìalijkc indicatie voor de bijdraqe van het oipool-matrix 
element, tot. de optische overqanqswaarschijnlijkheid in poly-
valente eenvouditjp netalen, kan verkregen wordon door de ver-
schillende partiele "joint densitms of states", zoals berekend 
uit du bandstruktuar, te vergelijken met de corrosponrierende 
grootheuen, berekend uit een vnj-electron rodel. 
2. De bepaling van de bijdrage "in intrinsieke en extrinsieke pro-
cessen tot de rl-dSmon~satellieten van foto-electron spectra in 
een aantal recente publikaties, berust op inadequate bepalina 
van de intensiteit van deze pieken en is derhalve эп geen 
waarde. 
i/.v. I^arùec et al Phys. Fev. 3 U, 3614, f 1??5} 
P. Cteiner, H. ¿öohst and 3. В 'УРТ Fhjs. Lett. CU> 410, fÌO??), 
3. De uitdrukking zoals oebruj kt door Poelen voor de berekemnq 
van de transmissie van licht door planparallele sarples waarin 
ipultipele reflecties optreden, is in principe onjuist. 
¿,3,</. l'eden, proefschrift Technische uogeschool, Findhoven, 
2977, hoofdstuk 4. 
4. Zoals bekend is electronodulatie spectroscopie een nuttige 
techniek voor de bestudering van de bandstruktuur van half-
geleiders. Voor bestudering var. electron-toestanden rond de 
energie-gap verdienen electroabsorptie-metingen sterk de 
voorkeur boven electroreflectie-netmgen. 
•'.t/. Geiten andJ.-tP. "astelijns, Phys. 3tct. Scl.(h) 49^ K5 
(1972). 
5. De bekering van Hummel dat indirec-^ interband overgangen bij 
de verklaring van fotoorissie-spectra een belangrijke rol 
spelen, is onjuut. 
P.¿. hwmel, Jptische iijenschaften -ion "etaller und Leji'emrjen, 
Springer, Berlin ^971, blz.70. 
6. Bij de bepaling van de effectieve electron-massa door middel 
van de temperatuurafhankelijkheid van de amplitude van de Haas-
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